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Chapter 1 
General introduction 
At a first glance on the title of this thesis, everyone, especially who is not 
working in this field, may have questions in his mind as: why should he work 
on solar cells? why does he study III-V compound solar cells and use Ge as 
substrates? Why is the metalorganic vapor phase epitaxy (MOVPE) technique 
employed in this study? This chapter will give a general answer on all these 
questions, and will present a brief summary of the contents of this thesis. 
2 General introduction 
1.1 Energy and solar energy 
The exploitation ала use of fossil fuels has led to severe environmental prob­
lems that face us today, e.g. acid rain and the greenhouse effect [1-4]. An alter­
native, viz. the use of nuclear fission also produces environmentally pernicious 
waste and can cause accidents of nuclear leakage as well. Besides, based on 
the current energy consumption level and the known energy reserves, today's 
most popular energy resources, natural gas, oil and coal, are only sufficient for 
roughly 40, 120, and 330 years, respectively [1], whereas the nuclear fission will 
also be totally consumed in a few generations. It is clear that if no new energy 
resources are found, a future with a shortage of energy will become inevitable. 
Therefore, besides improving energy efficiency in all areas of consumption in 
a short term, new energy sources, preferably renewable energy sources that 
produce negligible amounts of effluents, must be developed in the long term 
before these coolest days and darkest nights would come. 
There are two potential energy sources that can be used in the foreseeable 
future, i.e., nuclear fusion and solar energy [5]. Both sources are practically 
unlimited. The great power of nuclear fusion has already been manifested 
by the notorious and destructive H-bombs. However, its peaceful use - the 
controllable nuclear fusion - is still far away. In contrast to the difficulties 
of control of nuclear fusion, the technology to convert solar energy into useful 
forms of energy, such as heat or electricity, is quite well developed and offers no 
barriers for applications. For this reason, solar energy has become more and 
more attractive as the main renewable energy sources. The main disadvantage 
of solar energy is its diluted form. In order to get practically usefull ammount 
of energy, large collection areas are needed. In addition, the apparent price 
for solar energy, e.g. solar electricity, still is higher than that of the electricity 
from the conventional power stations. For these reasons, increasing the energy 
conversion efficiency and decreasing the production price become the main 
research goals for solar energy conversion devices. 
Solar energy is emitted from the sun by means of photons. From a quantum 
mechanical point of view, every photon is a particle which carries a certain 
amount of energy. The photons emitted from the sun in principle have all 
energies ranging from zero to infinite. The distribution of these photons, 
i.e., the relation between the number of photons and photon energy (or the 
wave length of the photons) is called the solar spectrum. Fig. 1.1 shows two 
typical solar spectra at the conditions of Air Mass 0 (AMO) and Air Mass 1.5 
(AMI.5), which represent the solar radiation outside the earth's atmosphere 
and at the surface of the earth when the sun is at an angle of 48.2° off overhead, 
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Figure 1.1: The AMO and AMI.5 spectra of the solar radiation [6]. 
respectively. 
A common energy unit in this field is electron volt (eV). Just translate 
this into a common sense: the amount of energy which is needed to light up 
a 20 watts lamp for one second is about 1.25xl020 eV! The photons near the 
maximums of the solar spectra in Fig. 1.1 have an energy about 2 eV. 
The power density for the AMO spectrum is 1353 W/m2, but it decreases 
to 1000 W/m2 for the AMI.5 spectrum [5], which is mainly caused by light 
absorption in the atmosphere. Imagine that if all the solar radiation that 
arrived at the roof of the buildings could be converted with an efficiency of 
20 % into the energy form we want, a power of 200 W/m2 would be available 
from the sun only - what a large amount of natural energy resources might 
be saved on the earth! 
For practical reasons, the form of energy is important. Electricity is by 
far the most convenient form for energy consumption. Therefore one needs a 
device which can convert solar energy into electricity. 
1.2 Solar cells and III-V compounds 
A device which can directly transform solar radiation into electricity is known 
as a photovoltaic device, or commonly called a solar cell. Solar cells can pro­
vide electricity in a way more environmentally benign than the burning of coal. 
This will become more important when the people in the Third World coun­
tries starts to demand the living standards of those in industrialized countries. 
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Figure 1.2: Schematic construction of the simplest type of solar cell. It has 
a p-η junction formed by placing a p-layer on top of a η-layer. When the sun 
light is shining on the top surface, electricity can be obtained from the top 
and bottom contacts. 
In addition, for places where still no electricity is available, any electricity is a 
great step forward. In this case, solar cells have other advantages: they can be 
bought in small amounts - without a billion dollars in up-front construction 
money - and installed rapidly. Solar power can grow with need, without re­
quiring perfect vision from a cloudy crystal ball [7]. If social costs are included 
in the energy prices, solar energy even now would be competitive to all other 
traditional energy sources [4, 8]. 
Fig. 1.2 shows schematically the construction of the simplest type of solar 
cell. To convert solar energy into electricity three processes are involved: (г) 
photon absorption which simultaneously creates negatively charged electrons 
and positively charged holes in the form of electron-hole pairs, (гг) separation 
of the generated electrons and holes by an internal electrical field which is crea­
ted by a so-called p-η junction, and (Hi) collection of the separated electrons 
and holes by top and bottom metal contacts (for more details see Chapter 8). 
The metal contact which collects holes becomes positive while the other one 
which collects electrons is charged negative. They can be considered as the 
positive and negative poles of a common battery. 
Solar cells based on the above principle are made of semiconductor ma­
terials. Every semiconductor material has a characteristic bandgap energy 
(E g ). When the energy of a photon is less than the bandgap energy of a 
semiconductor, this photon will not be able to excite an electron-hole pair 
and therefore gives no contribution to the generation of electricity. When 
the energy of a photon is higher than the bandgap, under normal conditions 
this photon can generate one but only one electron-hole pair. Since the output 
voltage of a solar cell is limited by the bandgap energy, the excess in the photon 
energy (photon energy minus the bandgap energy) will be released in the form 
of heat. It is apparent that with the use of a material with a low bandgap 
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Figure 1.3: The theoretically calculated maximum efficiency of solar cells 
under conditions of AMO and AM 1.5, as a function of bandgap [9]. 
energy more photons can be utilized, but at the cost of an inefficient use of 
the high energy photons. While with the use of a high bandgap energy, high 
energy photons will be utilized more efficiently, but the low energy photons 
will be totally ignored. A compromise between these two situations results in a 
relationship between the maximum attainable efficiency and bandgap energies 
(see Chapter 8 and reference [9]). Fig. 1.3 shows an example of a theoretical 
calculation [9]. The results in this figure are based on the use of good single 
crystal materials. For AMO the highest theoretical converting efficiency is 
26% at a bandgap energy of approximately 1.41 eV, whereas the maximum 
attainable efficiency for AM 1.5 is approximately 29%. The optimal bandgap 
energy in the case of AMI.5, however, is shifted slightly to lower energies. 
The above analyses are based on single junction solar cells which use only 
one semiconductor material for their active layers. According to an energy 
loss analysis [10], most of the solar cell inefficiency is caused by low-energy 
(<E g ) photons which just pass through a solar cell without the generation of 
electron-hole pairs, and high-energy (>E 3 ) photons which release their excess 
energy in the form of heat. Therefore, it is logical to use two or more types 
of semiconductors with different bandgap energies, each of which covering 
a certain part of the solar spectrum. In this way, much higher conversion 
Τ = 300 К 
J l ι 
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efficiencies can be reached theoretically [11, 12] (see Chapter 8). This type of 
cells is called multi-junction solar cells. 
The bandgaps of binary, ternary or quaternary III-V compounds from the 
system of AlxIn^Gai-ï-yP^Asi-i, with x, y and ζ between 0 and 1, vary from 
0.35 eV (InAs) to 2.45 eV (AIP), which cover the whole energy range which is 
of interest for solar cell applications. Most of these compounds have a direct 
bandgap and a high electron mobility. In materials with a direct bandgap 
the absorption or emission of light by the materials can take place directly 
without the help of (or interactions with) other particles, which is normally 
associated with a high absorption coefficient of light. High electron mobility 
means that the electrons in the materials can drift with a high speed in an 
electrical field. These special properties promise the widespread use of III-V 
compounds for opto-electronic devices, injection lasers, and high frequency 
devices (e.g. microwave transistors) [13, 14]. GaAs, the most common III-V 
compound with a band gap of 1.42 eV at room temperature, is one of the 
materials which has an optimal bandgap for high efficiency single junction 
solar cells. The combination of In.5Ga.5P and GaAs seems to be promising for 
two junction solar cells. So far, the highest efficiency of single junction solar 
cells, 25.1 % (AMI.5), has been reached with a GaAs cell [15]. A two junction 
solar cell consisting of a In.5Ga.5P cell on top of a GaAs cell has measured an 
AMI.5 efficiency of 29.5 % [16]. 
Reduction of costs together with higher efficiency are the main goals of 
solar cell researches. Low cost solar cells with efficiencies about 12 % are 
expected for amorphous silicon cells, while high efficiency solar cells with ef­
ficiencies above 25 % can be made of III-V compounds, although these solar 
cells are very expensive. When compared with low efficiency solar cells, high 
efficiency solar cells are favorable for applications where efficiency is the main 
requirement, such as the applications in space craft. With regard to space 
applications, III-V solar cells also have the advantage of higher radiation re­
sistance. Another important application for high-efficiency cells is in concen­
trating sunlight configurations. In solar cell concentrators, sunlight is focused 
by a lens or other means onto solar cells. In this case, the actual cost can be 
reduced with the use of higher efficiency solar cells because the major cost is 
in the concentrating optics. Even for non-concentrating systems there are also 
significant advantages for using high-efficiency photovoltaic modules instead 
of low-efficiency modules due to the area-related balance of systems costs. The 
higher efficiencies compensate, via a smaller use of land and related construc­
tions, the higher cost of the manufacturing of these cells. If the balance of 
the system cost remains high, high-efficiency cells may well be the type that 
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Table 1.1: Lattice constants and thermal expansion coefficients of GaAs, Ge 
and Si at 300 К and 1000 К [18-24]. 
Lattice 
constant (Â) 
Linear thermal 
expansion coef.(K_1) 
300 К 
1000 К 
300 К 
1000 К 
GaAs 
5.6535 
5.6800 
5.73хКГ 6 
7.24xl0 _ b 
Ge 
5.6579 
5.6870 
5.9х10_ 6 
8.51 χ HT" 
Si 
5.4311 
5.4454 
2.57хПГ 6 
4.26xl0" b 
would be most attractive for large-scale terrestrial applications [17]. 
1.3 III-V compound solar cells on Ge substrates 
One approach to reduce the manufacturing cost of III-V compound solar cells 
is to use alternative cheaper substrates, such as Ge or Si. Because the lattice 
constant and thermal expansion coefficient of Ge are very close to that of 
GaAs (see Table 1.1), Ge was first studied as a substitute substrate for the 
epitaxy of GaAs in 1960s (see reference [25] and the earlier papers cited). Many 
possible devices based on the GaAs/Ge heterosystem have been proposed [26]. 
GaAs solar cells grown on Ge have been investigated in the past ten years 
which has resulted in efficiencies up to 24.3 % (AMI.5) [15]. This type of 
cell has been demonstrated at production levels and has been successful in 
high throughput production [27, 28]. The wide bandgap material GaAs on 
top of the lower bandgap material Ge (0.8 eV direct bandgap, 0.66 eV indirect 
bandgap) also provides a promising system for monolithic tandem solar cells 
[29]. An efficiency of 23.4 % (AMO, 9χ concentration) has been reported of 
a GaAs/Ge tandem cell which is higher than the best GaAs cells grown on 
GaAs substrates measured under the same AMO conditions [30]. Use of Ge 
substrates for GaAs solar cells also has another advantage: Ge has superior 
mechanical properties to GaAs, therefore thinner substrates could be used. 
In short, by using Ge as substrates, high efficiency, light weight (what is of 
especially importance for space application) and lower cost GaAs solar cells 
can be made. 
For epitaxial growth, the single crystalline substrate is not only used as 
a support, but more importantly, it serves as a seed material so that layers 
grown on it acquire the same crystal-structure as the substrate. The use of 
foreign material as substrates for the growth of GaAs solar cells consequently 
8 General introduction 
may introduce problems which are not present when GaAs substrates are 
used. These problems have to be solved in order to produce good devices. For 
GaAs-on-Ge the first problem is the formation of antiphase disorder in GaAs 
epilayers, which is associated with all polar-on-nonpolar epitaxy. The reason 
is that when polar materials (e.g. III-V compounds) are epitaxially grown on 
nonpolar materials (Ge or Si), the location of cation atoms and anion atoms in 
the two sublattices can reverse from area to area in the epilayer [31, 32] which 
forms antiphase domains (APDs). Domains of different sublattice location are 
separated by an antiphase boundary (APB) consisting of wrong bonds. This 
APB is expected to provide deep levels inside the forbidden band and to act 
as strong scattering centers for electrons and holes [32, 33]. 
The second problem of using Ge substrates for GaAs solar cells is the 
formation of dislocations to accommodate the lattice mismatch strain, called 
misfit dislocations (MDs). Although for the GaAs/Ge system this problem 
is not so serious as in the case of GaAs on Si where the lattice mismatch is 
4 x l 0 - 2 instead of 7 .6x l0 - 4 for GaAs on Ge, a threading dislocation density 
on the grown layer surface in the order of 10 4 cm - 2 is normally created. Such 
a threading dislocation density can have a clear negative effect on the perfor­
mance of the cells, especially on their short-circuit current I
s c
 and fill factor 
FF [34, 35], with FF = P
m
ax./(Isc · V
oc
) where P
max
. is the maximum output 
power of the cell and V
oc
 is the open circuit voltage. 
The third problem of using Ge substrates for GaAs solar cells is that the 
GaAs epilayer could be doped into η-type by Ge atoms which are evaporated 
from the Ge substrates during the growth, which is called the autodoping 
effect. A high autodoping level may make a p-type layer highly compensated, 
and make it difficult to control the carrier concentration level of an n-type 
layer. 
The last problem accociated with the use of Ge substrates is the possibility 
of an extra PV (photovoltaic) effect, which is caused by the formation of an 
extra p-η junction in the Ge substrate [36, 37] or at the GaAs-Ge heteroin­
terface [38]. This extra PV effect does not always provide extra power output 
and, in fact, it normally reduces the total efficiency of the cell by decreasing 
its fill factor. Therefore, it needs to be well controlled in such a way that 
either this PV effect is completely suppressed (called a GaAs cell on a passive 
Ge substrate), or that a GaAs/Ge tandem cell is made where the current of 
the GaAs top cell and that of the Ge bottom cell are well matched. 
The configurations of solar cells, especially multi-junction solar cells, are 
quite complicated. They consist of a number of epitaxially grown layers of 
various materials which are doped to different electrical types and to different 
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carrier concentration levels. In order to make a good solar cell of such a 
complicated stack of layers, an advanced growth technique is required that 
should allow for precise control of layer parameters such as layer thickness, 
material composition, type of dopant and doping level. 
1.4 Growth techniques 
The discovery of the semiconducting properties of III-V compounds imme-
diately created a burst of experimental and theoretical research [14]. Physicists 
and engineers were well aware that this new class of semiconductors might, in 
time, have important, even revolutionary, applications. 
Yet many years had to pass by before some of these materials, mostly 
GaAs and InP, started to be used in significant amounts in the information 
technology industry, e.g. for devices which could not be made of silicon, such 
as injection lasers. The reasons behind this long lead time are clear: silicon 
technology, which is based on the planar diffusion techniques, was mature 
and comparatively easy to apply. III-V technologies, on the other hand, had 
to be developed almost from scratch. New types of compositional structure 
were, in many cases, necessary to take the full advantage of III-V compounds 
over silicon. This determined that the III-V processes mainly depended on 
the development of new epitaxial growth techniques, by which not only the 
dopant concentration, but mainly the composition of the materials could be 
varied in a controllable way over very short distances. 
There are mainly four experimental techniques that are commonly used 
in epitaxial growth [5, 39]. These are conventional VPE (halide and hydride 
vapor phase epitaxy), LPE (liquid phase epitaxy), MBE (molecular beam 
epitaxy) and MOVPE (metal-organic vapor phase epitaxy). The conventional 
VPE and LPE techniques are relatively simple. Although sophisticated devices 
with excellent material quality can be made by these two methods, there 
are some intrinsic disadvantages. For instance, it is very difficult to grow 
aluminum-containing compounds with the VPE technique, whereas with the 
LPE technique there are difficulties to grow multilayer structures with abrupt 
interfaces, and the thickness uniformity is generally poor too. In addition, 
LPE has been found unsuitable for large-scale production of materials. 
MBE is an advanced low pressure technique which is best-suited for grow-
ing nanometer structures with abrupt interfaces. A unique feature associated 
with MBE is the possibility to use surface spectroscopic techniques such as 
RHEED (reflection high energy electron diffraction) and AES (Auger electron 
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spectroscopy) in the growth chamber. This makes in-situ observation of crys­
tal growth possible. However, MBE is known to have a small growth rate and 
a limited throughput and it can not be used for the growth of phosphorus-
containing compounds, particularly alloys containing both As and P. The re­
quirement of ultra-high vacuum (UHV) conditions makes it expensive in terms 
of the costs of capital, operating and maintenance. All these factors limits its 
use for commercial applications. 
Another advanced technique which is capable of growing layers with abrupt 
structures and with various compositions is MOVPE. This modern technique 
is very versatile. It has advantages over MBE by having higher growth rates, 
the possibility to grow P- and As-containing compounds whereas it also has 
the possibility for scaling up. These are the main reasons why MOVPE has 
been widely used for the growth of sophisticated III-V structures, including 
solar cells. In this thesis, all the epitaxial layers were grown by MOVPE. 
There are some minor problems with MOVPE as well, as for instance the 
carbon contamination in the grown layers. Caution also is needed because of 
the use of poisonous gases such as arsine (АэНз) and phosphine (PH3). 
The diagram of one of our home-built MOVPE system used in this work 
is shown in Fig. 1.4, while Fig. 1.5 shows a photograph of this system. 
For the growth of GaAs using TMG (trimethylgallium Са(СНз)з) and 
АэНз as source materials, the overall chemical reaction for the MOVPE process 
is: 
Ga(CH 3 ) 3 + AsH3 ~™°»°c GaAs I+ЗСН4 t • (1-1) 
For the growth of Al-containing compounds (e.g. AlGaAs) or In-containing 
compounds (e.g. InGaAs), one only needs to add a certain amount of TMA 
(trimethylaluminium А1(СНз)3) or TMI (trimethylindium Іп(СНз)з) in the 
gas phase, respectively. ra-Туре doping can be realized by adding group VI 
elements such as selenium (in the form of H^Se). Group IV elements such as 
silicon (in the form of silane S1H4 or disilane ЯігНб) can also be used as n-type 
dopant. p-Туре doping can be achieved by adding group II elements such as 
zinc in the form of DEZ (diethylzinc Zn(C2Hs)2). 
Most recently another epitaxial growth technique which combines the fea­
tures of MBE and some of the features of MOVPE is developed, named CBE 
(chemical-beam epitaxy). In this technique metalorganic group III elements 
and either metalorganic, hydride, or elemental group V elements are injected 
into an UHV system. An indisputable advantage of this technique over con­
ventional MOVPE is the increased selectivity of growth. As compared with 
MBE, CBE can be used to grow P-containing or even P- and As-containing 
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Figure 1.4: Schematic block diagram of the MOVPE apparatus. 
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Figure 1.5: Photograph of one of our home-built MOVPE system. 
materials, like InP and GalnAsP etc., without special problems. 
1.5 Background of this research program 
In 1985 a joint solar cell project was initiated in the Netherlands, in which three 
major groups from three universities, the Catholic University of Nijmegen 
(KUN), the University of Utrecht (UU) and the Delft University of Technology 
(TUD), were involved. The long term aims of this program were to make 
cheap amorphous silicon solar cells and high efficiency single crystalline III-V 
compound solar cells by means of multi-junction structures [40]. 
Our group at the University of Nijmegen concentrates on the III-V solar 
cells. The first goal was to make reasonably good GaAs cells (77 « 20%) and 
AlGaAs cells (77 « 16%). Secondly these two type of solar cells should be 
combined into a tandem solar cell which is expected to boost up the efficiency 
to 30 %. Later on another III-V compound which is lattice-matched to GaAs, 
In.5Ga.5P, was introduced in our III-V solar cell project. The use of InGaP 
instead of AlGaAs is expected to bring advantages for solar cells because the 
optical properties of InGaP are better than those of AlGaAs for MOVPE 
epilayers [41-43]. 
The activities at Nijmegen in the single crystalline III-V compound so-
lar cells were brought further into line with a PV program of the European 
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Community (EC). To overcome the economical drawback of the III-V solar 
cells on GaAs substrates, a research program of growing III-V solar cells on 
an alternative cheaper substrate, germanium, was started in 1990 within the 
framework of this EC PV program. This work has been extended in Nijmegen 
to grow GaAs and InGaP solar cells on silicon. At the same time another 
approach to reduce the cell costs, viz. the re-use of GaAs substrates, is also 
investigated in our department. 
The program started with a home-built atmospheric pressure (AP) MO-
VPE system. Knowledge for the growth of pure GaAs and AlGaAs epitaxial 
layers and for the doping of (Al)GaAs layers into p- or η-type was obtained 
on this relatively simple system [5]. The efficiency of the best GaAs solar cells 
achieved with that system was 18.3 % [5]. After having made some necessary 
adjustments of the MOVPE apparatus which facilitated the growth of solar 
cells, efforts to improve the GaAs solar cells and the growth of AlGaAs solar 
cells were done in that system, working towards the first goal of the project 
mentioned above. At the same time the technology for the processing and the 
characterization of solar cells were also improved. In 1989 a commercial low-
pressure (LP) MOVPE system was installed, with which the AlGaAs/GaAs 
and GalnP/GaAs high efficiency solar cells, and the GaAs-on-Si low cost solar 
cells were investigated. The GaAs-on-Ge solar cell project was started in our 
home-built AP-MOVPE , and it was continued in 1993 in a much improved 
new home-built (LP)-MOVPE system (see Fig. 1.4 and Fig. 1.5). The work 
in this thesis amongst others describes a study of the behavior of this new 
MOVPE system followed by studies on the material properties of GaAs on 
Ge, in particular for solar cell applications, and the necessary development of 
the required device technology. 
1.6 Scope and summary of this thesis 
This thesis is presented in a sequence according to the progress of the work: 
MOVPE technique —> material properties —• devices. The first part (Chapters 
2 and 3) deals with the MOVPE system and growth phenomena. Chapter 2 
describes an experimental study on the influence of the temperature of the re­
actor top wall on growth and doping processes of (Al)GaAs. The growth rate, 
material composition, concentration of p- and η-type dopants and the unifor­
mity of these parameters are found to depend strongly on the top wall tem­
perature of the reactors. This study provides an effective and simple method 
to significantly improve the performance of the horizontal MOVPE reactors. 
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Chapter 3 presents a study on the influence of substrate orientation and mis-
orientation on the Si-doping of GaAs, which leads to a better understanding 
of the incorporation process at atomic steps in general. 
The second part (Chapters 4 to 7) of this thesis deals with the material 
properties of GaAs grown on Ge substrates. The main attention is focused on 
the polar-on-nonpolar properties (Chapters 4 to 6). In Chapter 4 the mecha-
nism of sublattice location of GaAs grown on Ge is studied. Novel results are 
obtained which point out the shortcomings of the existent theories in litera-
ture. A new model is proposed based on a more general understanding of the 
heteronucleation process. For layers where domains of different sublattice ori-
entations are present, antiphase boundaries (APBs) are present between the 
different domains. In Chapter 5 the self-annihilation of APBs is investigated. 
A {110} annihilation mechanism is found, in contrast to the postulated {111} 
APB model in literature. In Chapter 6 the effect of the growth parameters 
on the formation of antiphase domains is studied. Based on a general under-
standing of the experimental results a clear picture emerges on how to grow 
GaAs on Ge which is completely free of antiphase domains. Chapter 7 deals 
with the release of lattice mismatch strain by formation of misfit dislocations. 
Strong evidences of presence of two different processes for the formation of 
MDs, corresponding to the turnover of threading dislocations and nucleation 
of new dislocations, respectively, are found. The presence of antiphase do-
mains enhances the release of strain by facilitating the formation of misfit 
dislocations, which does not introduce excess threading dislocations on the 
grown layer surface. 
The third part (Chapters 8 to 10) of this thesis deals with solar cell devices. 
The improvement of the energy conversion efficiency of GaAs cells is presented 
in Chapter 8. The limiting factors of efficiency of our former GaAs cells are 
discussed and experimentally investigated. A fast improvement on the solar 
cell efficiency is realized by varying a few most important parameters which 
have been selected according to the above analysis. This resulted in an AMI.5 
(1 sun) efficiency of 22.2%. Growth of Ga(In)As solar cells on Ge is dealt 
with in Chapter 9. The solution to solve the autodoping problem is studied. 
Suppression of the formation of misfit dislocations in the GaAs cells on Ge is 
realized by the incorporation of small amounts of indium in GaAs, leading to 
a lattice-matched epitaxy of GalnAs on Ge. The output properties of GaAs 
cells and lattice-matched GalnAs cells on Ge are compared in correlation to 
their material properties, which reveals the advantages of the lattice-matched 
GalnAs cell on Ge. GaAs solar cells with efficiencies above 17 % have been 
made on Ge substrate. In Chapter 10 the control of the GaAs-Ge interface 
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properties is studied. It is found that the doping level of the substrate, the 
growth temperature and the diffusion of As into Ge before the growth of GaAs 
all have a strong effect on the interface PV properties. This work clarifies 
several misty points on this topic in literature, and leads to a distinct picture 
on how to control the extra PV effect at the GaAs/Ge interface. Alternative 
approaches to passivate the interface P V properties are proposed. 
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Chapter 2 
Influence of the temperature 
of the reactor top wall on 
growth processes in 
horizontal MOVPE reactors 
The influence of the temperature of the top wall of horizontal reactor cells 
on the growth rate, the doping of GaAs with disilane and diethylzinc, and 
on the Al composition in AlxGai_xAs has been studied. It is found that the 
uniformity of the growth rate of the GaAs layer, the carrier concentration in 
GaAs and the Al composition in AlxGai_xAs, all are significantly improved by 
keeping the top wall temperature at around 370 °C. These effects are found to 
be more pronounced at one atmosphere than at 200 mbar. The experimental 
results are explained by the influence of thermal diffusion on the growth and 
doping of GaAs or AlGaAs, which depends on the temperature gradient above 
the susceptor, and by the depletion of the growth and dopant species because of 
the deposition of the compound or of the individual dopant species on the top 
wall of the reactor. Controlled top cooling in this way provides an effective 
and simple method to improve the performance of the horizontal MOVPE 
reactors, especially atmospheric pressure reactors, with almost no extra cost 
for the operation of the system. 
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2.1 Introduction 
Metal Organic Vapor Phase Epitaxy (MOVPE) has found widespread use in 
the field of micro- and opto-electronics because it has shown to be the most 
versatile technique to produce virtually all III/V and II/VI semiconductor 
compounds and alloys. Epitaxial growth of these compounds with an abrupt 
interface, uniform layer thickness, uniform composition and doping profile are 
very important for both material studies and device fabrication, therefore a lot 
of attention has been paid to the flow dynamics, reactor design and depletion 
effects during the last decade in order to achiecve all these properties. 
Among the different types of reactors which are known, the horizontal 
reactor, because of its simplicity, is widely used in many laboratories. If this 
reactor is provided with a rectangular cross-section, the growth results lend 
themselves to analytical studies of the growth process which can give more and 
direct insight in the physics and chemistry of the MOVPE process [1, 2]. The 
influence of the temperature gradient above the susceptor on the growth rate in 
the horizontal MOVPE reactor theoretically has been intensively investigated 
[3], however, no corresponding experimental studies have been done so far to 
demonstrate that influence. To our knowledge also no systematic attention 
has ever been paid to the effect of the temperature gradient on the doping 
phenomena and on the composition of ternary materials. 
An improvement of the horizontal reactor cell at a first glance is very 
difficult because the simple geometry of horizontal reactors leaves almost no 
space for designers to enhance their performances by changing the configu­
ration. Depletion of the growth species along the flow direction will always 
occur which reduces the thickness uniformity of the grown layer over a whole 
wafer. By increasing the free height of the reactor above the susceptor, h, 
the thickness uniformity could be improved, because when the growth is gas 
phase diffusion controlled the depletion is quadratically dependent on h in the 
exponent as follows from the formula of growth rate, r g, as a function of the 
axial position on the susceptor, ζ 
2.68DC0 2.84D 
r , = — e x p ( -
w ; z ) (2.1) 
where D is the diffusion coefficient, C0 the input concentration of group III 
components, V0 the mean gas velocity at reactor inlet at room temperature 
[1-3]. However, the height is limited by the onset to destabilization of the lam­
inar flow to convective flow which occurs when the Rayleigh number exceeds 
a critical value [4, 5]. An improvement can also be achieved by increasing the 
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total gas flow rate through the reactor, although this is less effective because 
the depletion effect only linearly depends on the gas flow velocity in the ex­
ponent (see equation (2.1)), while much more source materials will be wasted 
which raises the operational costs of the system. Another way to counteract 
the effect of depletion is to tilt the susceptor a few degrees [1]. However, an 
optimum condition can only be achieved for a certain tilt angle of the suscep­
tor at a fixed gas velocity depending on the growth temperature, which limits 
the widespread use of this type of susceptors in practical MOVPE systems. 
By controlling the temperature of the reactor top wall the temperature 
gradient above the susceptor can be varied independently. In this chapter 
experimental results are given of a systematic study on the effect of the top 
wall temperature of the reactor cell on the growth rate and doping with di-
silane (ЭігНб) and diethylzinc (DEZn) of GaAs, and on the Al composition 
in Al
x
Gai_
x
As. This study provides new insight in the MOVPE processes 
which leads to an effective and simple improvement of the performance of 
the horizontal MOVPE reactor, especially atmospheric pressure reactors, with 
almost no extra costs for the operation of the system. 
2.2 Experiments 
The experiments were performed in two growth systems. The first is an 
atmospheric pressure system (indicated as reactor I) containing a quartz re­
actor cell with a rectangular cross-section which can be cooled on its top by 
a water or air cooler. The free height above the susceptor, h, is about 1.6 cm. 
The results of growth and doping experiments in this system when the water 
cooler was used have been reported elsewhere [1, 6, 7]. When the water cooler 
was used the temperature of the top wall, Tt
o p, was so low that elemental 
arsenic was deposited on the top wall. With the use of the air cooler Tt
o p 
could be varied by changing the flow rate of air injected to the top of the 
reactor. In this way a temperature could be established at which the deposi­
tion of arsenic did not occur. Calculations and measurements indicated that 
this temperature was in the range from 350 °C to 385 °C, depending on the 
partial pressure of arsine in the reactor [8]. At these temperatures almost no 
deposition of GaAs on the top wall of the reactor will occur too, so that the 
top wall could be kept transparent during the growth run. When no top cooler 
was used the top wall temperature was so high that significant deposition of 
GaAs on the top wall of the reactor was observed. 
The second system involved in this study is a system which can be used at 
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1 atm ала at lower pressure (herewith referred to as reactor II). This system 
has a single wall reactor cell so that the air cooler could be used. The reactor 
cell is made of quartz material with a cross section between a rectangle and 
ellipse, therefore it can withstand the over pressure when operated at low 
pressure. The free height above the susceptor is 2.0 cm in the middle of the 
susceptor and 1.8 cm at the lateral side walls of the reactor. 
Trimethylgallium (TMG), trimethylaluminium (TMA1) and arsine (AsH3) 
were used as source materials with H2 as carrier gas. S12H6 and DEZn were 
used as η-type and p-type doping precursors, respectively. Semi-insulating 
GaAs wafers misoriented 2 degrees off (100) towards (110) were used as sub­
strates. All growth runs were performed at 700 °C, at which the growth of 
(Al)GaAs is gas phase diffusion limited. When the total pressure was de­
creased from 1 atm to 200 mbar the mole fractions of TMG, TMA1, and S12H6 
were kept unchanged while the V/III ratios were increased in order to ensure 
that the crystalline quality of the grown materials remained good. Flow con­
ditions in reactor I and reactor II are quite similar so that the results from 
both system could be compared. The exact conditions are given in the figures 
of the results. 
The thicknesses of the grown layers were measured by means of microscopy 
after cleaving and staining. The electrical characterization was performed at 
room temperature by Hall-Van der Pauw measurement. The aluminium solid 
compositions x
s
 of the Al
x
Gai_
x
As layers were determined by photolumines­
cence (PL) measurements performed at 4.3 К [9]. 
2.3 Results and discussions 
The effect of the temperature of the reactor top wall on the growth rate of 
GaAs and the Zn-doping of GaAs has been studied with reactor I, while its 
effect on the growth rate, Al incorporation in Al
x
Gai_
x
As and Si-doping of 
GaAs has been investigated with reactor II. For a proper understanding of 
the experimental results, at first a general discussion is given of the three 
mechanisms which play an important role in these experiments: In the first 
place, an increase of T t o p will decrease the temperature gradient in the verti­
cal direction which actually reduces the thermal diffusion effect of the growth 
species. In general the effect of thermal diffusion is to decrease the concentra­
tion of the growth species at the hot susceptor [3, 10, 11], so a reduction of 
this effect will increase the concentration of growth species at the susceptor. 
The mean temperature in the reactor will increase too, so that the diffusion 
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coefficient will become larger [3]. Both these effects will enhance the growth 
rate. In practical situations for growth of GaAs the thermal diffusion effect is 
predominant, therefore only this effect will be taken into account hereinafter. 
The consequence of a higher growth rate, while keeping the input concentra-
tion constant, is an increase in the depletion of growth species. In the second 
place, when Ttop is high the possibility of decomposition of the growth species 
at the top wall of the reactor will become larger so that deposition of the 
concerned compound at the top wall may occur, which is certainly the case 
when no top cooler is used. It is important to know the absolute value of the 
temperature of the inside top wall of the reactor, in order to decide whether 
the deposition is reaction rate or diffusion rate limited. The temperature, as 
measured by thermocouple, was lower than 550°C for all the experiments in 
this work. This means that the deposition of GaAs on the top wall is reaction 
rate limited. For such a case the growth rate, rtop, is given by the following 
expression [12]: 
rtop = k0-C°-exp(^) (2.2) 
til top 
where k0 is a pre-exponential factor, Ea is the activation energy, C° is the 
input concentration of the group III component, R is the gas constant. In the 
third place when Ttop is too low the deposition of the individual elements, e.g. 
elemental arsenic, on the top wall will occur, which is the case when the water 
cooler is used. 
2.3.1 Layer thickness uniformity of G a A s 
The effect of the top wall temperature on the layer thickness uniformity was 
studied with both reactor I and reactor II. The growth rate as a function of 
the axial position of the samples on the susceptor, z, for reactor II is shown 
in Fig. 2.1 and in Fig. 2.2 for experiments performed at 1 atm and 200 mbar, 
respectively. From Fig. 2.1 it can be seen clearly that at 1 atm the depletion 
gets less pronounced when the air top cooler was used compared to when no 
top cooler was employed. At 200 mbar the layer thickness uniformity only 
slightly improved when the air top cooler was used (Fig. 2.2). 
The improvement of layer thickness uniformity at 1 atm by using the air 
top cooler can be explained by the enhancement of the thermal diffusion effect 
of the growth species and the suppression of the deposition of GaAs on the 
top wall, due to the decrease of the top wall temperature. Both of these effects 
lower the depletion what accounts for the smaller slope for growth with the use 
of air top cooler in Fig. 2.1. The effect will be stronger for reactor cells with 
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Figure 2.1: Semilog plot of growth rate of GaAs as a function of axial position 
on the susceptor, for experiments with and without air top cooler performed 
with reactor II at 1 atm. The solid line and the dashed line represent the best 
fits to an exponential function. 
smaller height because Tt
o p without cooling will be higher in that case, which 
results in a larger cooperative effect in increasing T-gradient and suppressing 
parasitic deposition on the top wall when the top cooler is used. This was 
confirmed in reactor I where h was 20% smaller. 
At lower pressures, the deposition of GaAs on the top wall - even with­
out cooling - does not occur because the concentration of TMG is decreased 
simultaneously with the decrease of the total pressure (mole fraction of TMG 
constant). A lower input concentration at 200 mbar does not lead to a lower 
growth rate at the susceptor (compare Fig. 2.1 and Fig. 2.2), because the 
smaller value of C0 is compensated by the larger diffusion coefficient, as fol­
lows from equation (2.1). However, at the top wall the deposition is limited by 
the reaction rate and for that case the deposition is given by equation (2.2). 
Both the smaller input concentration and the low temperature lead to a very 
small (negligible) deposition rate on the top wall. In this case the effect of 
the air top cooler on the growth rate is only found back in an enhancement of 
the thermal diffusion effect of the growth species, leading to a smaller overall 
growth rate. Therefore top cooling in this case is less effective in improving 
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Figure 2.2: Semilog plot of growth rate of GaAs as a function of axial position 
on the susceptor, for experiments with and without air top cooler performed 
with reactor II at 200 mbar. The solid line and the dashed line represent the 
best fits to an exponential function. 
the layer thickness uniformity as compared with its use at 1 atm. 
2.3.2 Si-doping of GaAs 
The effect of the top wall temperature of the reactor on the uniformity of the 
carrier concentration, η ( N¿ - N^), of GaAs doped with S12H6 was investi-
gated with reactor II. The results are shown in Fig. 2.3 and Fig. 2.4 for growths 
performed at 1 atm and 200 mbar, respectively. An evident improvement of 
the carrier concentration uniformity in the Si-doped GaAs is found at 1 atm 
when the air top cooler was used compared to when no top cooler was used. 
At 200 mbar, the carrier concentration level of the Si-doped GaAs is quite 
uniform in both cases with and without use of the air top cooler. 
Doping of GaAs with disilane in MOVPE or the deposition of Si from 
disilane have been investigated extensively [7,13-16], although the uniformity 
of the carrier concentration of Si-doped GaAs was scarcely studied. It was 
found that the temperature dependence followed a complicated behavior but 
there is a general agreement about the inverse dependence of the doping level 
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Figure 2.3: Semilog plot of net carrier concentration of Si-doped GaAs as a 
function of axial position on the susceptor, for experiments with and without 
air top cooler performed with reactor II at 1 atm. The solid line and the 
dashed line are drawn as a guidance to the eye. 
on the growth rate. 
At 1 atm all S12H6 is effectively converted at the susceptor to SÍH4 and the 
doping takes place via the small amount of SÍH2 which is determined by the 
equilibrium SÍH4 # S1H2 + H2, so that the concentration of the input dopant 
in the MOVPE reactor is almost constant showing no apparent depletion of 
the "disilane" at all [7]. The deposition of Si on the top wall, where the 
temperature is lower, is negligible because of the high overall activation energy 
of the process [7]. In contrast, a strong depletion of TMG is always present in 
the horizontal reactor along the flow direction, as has been demonstrated in 
Fig. 2.1, therefore an increase of the doping level as a function of ζ is normally 
expected because the flux ratio SÍH2/TMG increases, as is shown in Fig. 2.3. 
Similar behaviors of Si-doping of GaAs were also observed in reactor I. The 
improvement of the carrier concentration uniformity with the use of air top 
cooler in this case can be explained by the improvement of the layer thickness 
uniformity as mentioned in the preceding section. The grown layers show a 
very low compensation ratio, 6 = N ^ / N ¿ , of around 0.1, determined with the 
measured values of the free carrier concentrations and the mobilities, using 
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the data given by Walukiewicz et al [17]. The Si incorporation rate, RSÌ, can 
be calculated from the carrier concentration n, the compensation ratio Θ, and 
the growth rate of GaAs rg with the relation: 
RSÌ = rg • Nsi = rg 
1 + 6 
1 - Θ 
η 
(2.3) 
where Ns¿ is the incorporated Si concentration [17]. The results are shown in 
Fig. 2.5. It can be seen that the incorporation of Si is relatively uniform along 
the susceptor, decreasing only by 12% from a ζ of 6 cm to a ζ of 16 cm. An 
enhancement of the incorporation of Si when no top cooler was used can be 
seen clearly, which can be explained by the decrease of the thermal diffusion 
effect of SÍ2H6. 
At 200 mbar, the mechanism of doping of GaAs with S12H6 is different. 
Following the chemical boundary layer model of the system [13, 18] it is known 
that under these conditions the incorporation of Si is limited by the bulk gas 
phase diffusion of S12H6, a similar behavior as TMG for the growth of GaAs 
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Figure 2.5: Semilog plot of Si incorporation rate as a function of axial posi­
tion on the susceptor for growth performed with reactor II at 1 atm. The solid 
line and the dashed line represent the best fits to an exponential function. 
itself. Consequently a similar depletion behavior of ЭігНб as TMG is expected, 
resulting in a homogeneous flux of [Si]/[Ga] and therefore a uniform doping 
concentration. The compensation ratios of the grown materials are around 0.2 
in this case. From equation (2.3) the Si incorporation rate is calculated and 
the results are shown in Fig 2.6. The higher magnitude of the incorporation 
rate is due to the higher concentration of SÌH2 which is directly produced from 
the decomposition of S12H6: S12H6 —> S1H4 + S1H2. The much longer effective 
free path of S1H2 at lower pressures - before it reacts back with H2 to S1H4 - is 
the reason for a higher surface concentration of SÌH2 in this case [7]. Because 
the supply of S1H2 is limited by the diffusion of S12H6 to the susceptor, strong 
depletion effects are expected and therefore the incorporation rate decreases 
gradually with г (Fig. 2.6). The effect of the top wall temperature on the 
depletion of Si in this case can be explained in a similar way as for TMG. The 
similarity can be seen directly by comparing Fig. 2.6 with Fig. 2.2. 
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2.3.3 The Al compos i t ion in A lGaAs 
The effect of the top wall temperature of the reactor on the Al incorporation 
in Al
x
Gai_
x
As was investigated at 1 atm and 200 mbar with the reactor II. 
In Fig. 2.7 the Al composition in the solid phase of the Al
x
Gai_
x
As is shown 
as a function of z, for growth at 1 atm with and without use of the air top 
cooler. The gas phase composition of Al, xg, was 0.25 in this study. It can be 
seen clearly that at 1 atm the Al composition uniformity along the susceptor 
is significantly improved by the use of the air top cooler as compared with 
when no top cooler was used, indicated by a reduction of the deviation of the 
Al composition in the solid phase (x
sm
ax — Xsmin) from 0.086 to 0.013. At 
200 mbar the Al composition homogeneity is also improved when the air top 
cooler is used. The corresponding Al compositions for samples at different 
position on the susceptor are shown in Fig 2.8. The improvement of the Al 
composition uniformity, although less significant, is characterized by a decrease 
of the deviation of x
s
 from 0.006 when no top cooler was used to a deviation 
of 0.001 when the air top cooler was used. The x
s
 values in this case are quite 
close to the values of the layers grown at 1 atm with the use of air top cooler. 
It is known that the incorporation of Al in AlGaAs can be considered as 
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Figure 2.7: Al composition in Al
x
Gai_
x
As as a function of axial position on 
the susceptor, for experiments with and without air top cooler performed with 
reactor II at 1 atm. The solid line and the dashed line are drawn as a guide 
to the eye. 
a simultaneous deposition of AlAs and GaAs on the substrate, both follow a 
similar process [12]. Since the thermal diffusion factors of TMG and TMA1 are 
very close to each other [11], and their diffusion coefficients are quite similar 
too [19], the influences of the top cooler on the Al incorporation through a 
change of the temperature gradient and the mean temperature in the reactor 
is expected to be small. Therefore, the effect of top wall temperature on 
the Al composition in Al
x
Gai_
x
As can only be ascribed to a difference in 
deposition of GaAs and AlAs on the top wall due to an unequal chemical 
behavior of TMG and TMA1: TMG can decompose more easily than TMA1 
at the temperature of the top wall [19] so that the deposition of GaAs on the 
top wall is predominant. At 1 atm, GaAs could be easily deposited on the 
top wall of the reactor if no top cooler was used, leading to a fast depletion 
of Ga species, as could be seen in Fig. 2.1, which resulted in an increase of 
the Al composition in the grown Al
x
Gai_
x
As from a ζ of 8 cm. When the 
air top cooler was used, the deposition of GaAs at the top wall of the reactor 
was suppressed, consequently a quite uniform Al composition in Al
x
Gai_
x
As 
along the axis of the susceptor can be obtained. 
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For growth performed at 200 mbar, the deposition of GaAs on the top wall 
was eliminated anyway, as has been discussed in section 2.3.1, resulting in a 
uniform Al composition along the susceptor for both cases with and without 
use of the air top cooler. The slight improvement of the Al composition profile 
when the air top cooler was used could still be explained as a further decrease 
of the deposition of GaAs on the top wall when the air top cooler was used. 
2.3.4 Zn-doping of GaAs 
The effect of the top wall temperature on the Zn-doping of GaAs by DEZn 
was studied with the reactor I. When the water cooler was used, Zn-doping of 
GaAs by DEZn showed a strong depletion effect. Instead, when the air cooler 
was used, the depletion effect was significantly suppressed, leading to a quite 
uniform Zn-doping profile along the flow direction, as well as an enhancement 
of the doping level. The results are compared in Fig. 2.9. 
The strong depletion of Zn during Zn-doping of GaAs when the water top 
cooler was used has been reported in a previous paper and it was explained 
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by the deposition of Zn at the cold top wall of the reactor [20]. It is known 
that doping of GaAs with DEZn is controlled by an adsorption/desorption 
equilibrium at the surface steps and no depletion of Zn should be expected 
[20]. The results presented here demonstrate clearly that the depletion of Zn 
in the reactor indeed could be almost completely suppressed by increasing the 
top wall temperature with the use of the air top cooler instead of the water 
cooler, preventing in this way the deposition of Zn on the top wall. The higher 
doping level obtained when the air top cooler was used is a direct consequence 
of the elimination of the deposition of Zn on the top wall which leads to a 
higher partial pressure of Zn in the reactor. 
2.4 Summary and conclusions 
The effects of the temperature of the top wall on the uniformity of the growth 
rate of GaAs, Al composition in Al^Gai-^As, carrier concentration of Si-doped 
GaAs with disilane and Zn-doped GaAs with DEZn, have been studied in hori­
zontal MOVPE reactors with a rectangular cross-section. The temperature of 
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the top wall of the reactor was varied by using a water top cooler, an air top 
cooler or no cooler at all. It is found that at atmospheric pressure the thick­
ness uniformity of the grown layer, Al composition uniformity in A^Gai-^As 
and carrier concentration profiles of Si-doped GaAs, all are significantly im­
proved by keeping the top wall temperature at about 370 °C with the use of 
an air top cooler, as compared with those when no cooler is used. By using 
the air top cooler instead of the water top cooler the strong depletion of Zn is 
suppressed in the doping of GaAs with DEZn, and the deposition of arsenic 
on the top wall of the reactor is avoided as well. At 200 mbar the effect of the 
top wall temperature on the MOVPE process is less pronounced as compared 
with that at 1 atm, however, clear improvements on the growth rate unifor­
mity, Al composition uniformity can still be obtained by the use of the air top 
cooler. The carrier concentration level of GaAs doped with disilane is only 
slightly influenced by the top wall temperature at 200 mbar, while a strong 
effect of the top wall temperature on the Si incorporation rate is found. The 
similar depletion effect of ЭігН and TMG, and a similar dependence of the 
incorporation rate of Si and the growth rate of GaAs itself on the top wall 
temperature, lead to a carrier concentration level in Si-doped GaAs almost in­
dependent of the position on the susceptor and the temperature of the reactor 
top wall at 200 mbar. The experimental results are explained in terms of the 
influences of top wall temperature on the deposition of the involved elements 
or compounds on the top wall and its effect on the thermal diffusion process. 
This work demonstrates that the temperature gradient above the susceptor in 
the horizontal reactor influences the MOVPE process significantly. From the 
practical points of view, this work offers an effective, simple and easy tech­
nique to improve the function of the horizontal MOVPE reactor, especially 
the atmospheric pressure system, with almost no extra cost for the operation 
of the system. 
The work described in this chapter is based on the article published in the 
Journal of Crystal Growth, Vol.76 (1995), p. 177, authored by Y. Li and L. J. 
Giling. 
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Chapter 3 
The influence of substrate 
orientation and 
mis-orientation on the 
silicon-doping of GaAs grown 
by M O V P E 
In this investigation the influence of the direction of the mis-orientation of 
the substrate has been studied (г) on the amount of silicon which is incorpo­
rated in the GaAs layer during growth by metalorganic vapor phase epitaxy 
and (гг) on the degree of compensation. For this purpose substrates with 
eleven different orientations have been used. They include the (110) group: 
(110), (110)2°(Ill), (110)2°(lïï) and (110)2°(001); the (100) group: (100), 
(100)2°(011), (100)2°(01ï) and (100)2°(110); and the ( l l l )A group: ( l l l )A, 
( l l l )A 2°(001) and ( l l l )A 2°(110). Quite a number of clear trends have been 
found which can be explained by a careful consideration of the atomic config-
urations of the various surface, step and kink sites. The results of this study 
have provided information on the incorporation of silicon on an atomic scale 
and lead to insight in the most preferable atomic configuration of the GaAs 
surface during MOVPE growth. 
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3.1 Introduction 
Silicon is the most widely used η-type dopant for GaAs in metalorganic vapor 
phase epitaxy (MOVPE). In a recent study of silicon-doped GaAs [1] the net 
carrier concentration for constant silane partial pressure psiH4 was found to 
decrease in the order n(10o)2°(iio) > n(m)A > n(iio)> due to a difference in 
the binding strength and the surface diffusion rate of the adsorbed silicon 
species on the surface, as well as to steric hindrance. A certain difference in 
compensation ratio (N^/N£), which can be regarded as an approximation 
for [SUs]/[SÌGa]. was found to exist among the above orientations. It was 
proposed that this difference most probably is due to the various step and 
kink site configurations at the growth front. The initial motivation of the 
present study was to verify this assumption and to see to what extent the 
compensation ratio can be changed. 
It is known that when the substrate is misoriented from a major direc-
tion, various steps, i.e. various dangling bond configurations at the steps, 
can be revealed on the substrate surface. For this reason substrates with 
eleven different orientations have been used. They include the (110) group: 
(110), (110)2°(Ϊ11), (110_)2°(Ш) and (110)2°(001); the (100) group: (100), 
(100)2°(011), (100)2°(01Ï) and (100)2°(110); and the ( l l l )A group: ( l l l )A, 
(111)A2°(001) and (111)A2°(110). The choice of this set of samples is to 
enable a good comparison among various major steps which can be present on 
these surfaces. 
3.2 Experimental 
The silicon doped GaAs layers were grown by MOVPE at atmospheric pressure 
using trimethylgallium (TMG) and arsine (АэНз) as source materials whereas 
silane (S1H4, 100 ppm diluted in hydrogen) was used as dopant source. Details 
about the reactor have been described elsewhere [1, 2]. The growth temper­
ature has been kept constant at 700 °C for all the MOVPE runs. The ratio 
between AsHa and TMG (the V/III ratio) was varied between 5 and 50. All 
the GaAs substrates used were chromium-doped, semi-insulating, horizontal 
Bridgman grown, and chemo-mechanically polished on one face. The accuracy 
of the (mis-)orientation angle of all the used substrates was better than ±0.5 
degrees, as specified by the supplier. During the MOVPE growth, samples 
belonging to the same orientation group were placed in the same axial posi­
tion in the reactor in order to enable a direct comparison of the incorporation 
results. Due to the large number of samples used in the experiments, sam-
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pies of a different orientation group were placed at a different axial position. 
As a result of the depletion effect along the gas flow direction in the reactor, 
these samples had slight differences in growth rate and carrier concentration. 
Therefore a direct comparison between groups must be performed with care. 
The growth rate for one group was essentially the same. The averaged growth 
rate was approximately 5.4 μπι/h. 
The morphology after growth has been observed with an interference-
contrast microscope. The thickness of the grown layers has been measured 
by cleaving and staining. The electrical characterization was performed by 
Hall-Van der Pauw measurements using a clover-leaf configuration. The er­
ror in the measured carrier concentration values was estimated to be smaller 
than 10%. The inaccuracy in the results is mainly due to the error in the 
measurement of the layer thicknesses. 
3.3 Results and discussion 
3.3.1 Some considerations on sil icon-doping 
It has been established that doping with silane goes along the following lines: 
(¿) the decomposition of S1H4 into S1H2, which happens very close to the 
hot surface of the GaAs substrate, and (ii) the adsorption of S1H2 on the 
surface followed by diffusion to the step sites which subsequently leads to 
silicon incorporation [1, 3, 4]. It is well known that silicon is an amphoteric 
dopant leading to incorporation as a donor (Sica) or as an acceptor (SUS) 
[1,5-7]. The ratio [Si^sl/fSioa] can be estimated by the compensation ratio, 
І д /N£. The compensation ratio can be calculated from the measurements 
of the carrier concentration and the mobility values [8, 9]. The reliability of 
the calculated values used in the comparison is quite good for two reasons: 
(г) the carrier concentrations of the grown samples are relatively low which 
satisfies the requirements of refs. [8, 9] and (гг) only the relative change 
of the compensation ratio is of importance in the discussion. Therefore a 
systematic error in the calculated values is allowed. It has been reported that 
the compensation ratios obtained in this way can be overestimated [10, 11], 
but this will not influence the incorporation trends obtained. 
After a proper correction for the depletion effect, the general trend of 
the carrier concentration for the three orientation groups was found to be 
n(ioo) > n(ni)Ga > n(iio)> which is the same as in ref. [1]. This trend might 
be explained by a difference in bond strengths of the S1H2 species on the 
various oriented surfaces, i.e. the difference in desorption energy. Adsorption 
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of S1H2 on the ( l l l )A surface will form a Si-Ga bond, while on the arsenic 
stabilized (100) surface a Si-As bond will be made. Since the Si-Ga bond 
strength is smaller than the Si-As bond strength (202 vs. 231 kJ/mol), the 
desorption flux of S1H2 from an (111)A surface will be somewhat larger than 
from an (100) surface. As a consequence the silicon incorporation on the (100) 
surface is higher than on the ( l l l )A surface. The still smaller incorporation 
rate on the (110) can be explained by steric hindrance caused by the so called 
zipper way of growth on the (110) surface (for details see ref. [1]). However, 
adsorption itself is not decisive - the incorporation of silicon is governed by 
the surface flux, i.e. by the product of the surface coverage of S1H2 and its 
diffusion velocity on the surface. A lower adsorption strength will also lead 
to a higher diffusion velocity to the steps, so it is not clear which of both 
effects will dominate. Most likely the electronic configuration at the step itself 
determines the observed differences. 
In the following subsections the discussion will be given separately for the 
three orientation groups for clarity. At first the configuration of the various 
surfaces, including the expected or reported step and kink site configurations, 
is outlined followed by a discussion of the observed results. The influence of 
the V/III ratio is discussed briefly in the last part. 
3.3.2 Group (110) 
Surface relaxation is expected for the (110) face. This relaxation causes a 
slight lowering of the top gallium atoms towards bulk crystal, leaving the top 
arsenic atoms somewhat raised [12, 13]. On the (110) surface steps exist in six 
directions, which can be classified in four different types. They are in the [001], 
[001], [111], [1ÏÏ], [111] and [Ï1Ï] directions, as shown in Fig. 3.1. The steps in 
the [111] and the [Ï1Ï] directions are equivalent to those in the [111] and the 
[1ÏÏ] directions respectively. The direction of the step is defined as the step 
normal, parallel to the major flat surface. Silicon incorporation at the [001] 
and [00Ï] steps is expected to be similar, since growth proceeds in a so-called 
zipper way where alternating group III and group V kink sites are present at 
both the steps (Fig. 3.1b). In this study the [001] step has been examined. The 
[111] and [1ÏÏ] steps are terminated by arsenic and galliums atoms respectively 
(Fig. 3.1c). As a consequence it is expected that silicon atoms arriving at 
the [111] step will have a greater chance to be incorporated as Sica than 
in the case of the [1ÏÏ] step, therefore the compensation ratio of the layers 
grown on (110)2°(ïll) should be lower than the layers grown on (110)2°(lîï). 
This is nicely proven by the experimental results (Fig. 3.2). For all the 
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Figure 3.1: a) Schematic top view of the possible steps present on the (110) 
surface. The middle part can be seen as a plateau bordered by the four types 
of steps, b) Side view on the [001] step, showing a kink site, c) Side view 
on the [111] and [ill] steps showing the arsenic and gallium dangling bonds 
respectively. Extra lines are drawn to reveal the steps. 
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Figure 3.2: Room temperature net carrier concentration (N^ — N7), total 
carrier concentration (JVp + Л^ д ) and compensation ratio {N^/N^) of the 
silicon-doped GaAs layers versus the mis-orientation of the (110) substrate. 
Four different V/III ratios have been used (5, 10 20 and 50). The lines are 
guides to the eyes. 
examined V/III ratios the incorporation of Sic
a
 is the highest at the [111] 
steps. When the V/III ratio is 10, the net carrier concentration is even an order 
of magnitude higher. This large difference in carrier concentration between 
the (110)2°(ïll) and (110)2°(lïï) layers may find potential applications in 
epitaxial device development, e.g. a lateral doping superlattice of n+/n can 
be made on a patterned surface on which both (110)2°(111) and (110)2°(lïï) 
orientations are present. Since this effect is caused by differences in atomic 
arrangements, small lateral dimensions should be attainable. 
The total carrier concentration does not show much difference for a given 
V/III ratio. This indicates that the large difference in the carrier concentration 
is caused by the difference in compensation ratios, as indeed is shown in Fig. 
3.2. The highest compensation ratio, close to 1, was found on a (110)2°(001) 
sample (V/III =10). At a V/III ratio of ca. 10 the surface is expected to 
have equal coverages of gallium and arsenic atoms. In this case the zipper 
way of growth on the (110)2°(001) samples gives an equal chance for silicon 
atoms to be incorporated either at a gallium or at an arsenic site. However, if 
this is true the samples grown on (110)2°(001) with a V/III ratio of 5 should 
have a higher compensation ratio or even a p-type character, instead of the 
experimentally observed η-type character. No explanation is known for this 
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Figure 3.3: Schematic top view of the possible steps present on the (100) 
surface. The dotted lines show the dimer bonds. 
result. 
3.3.3 Group (100) 
The (100) surface is known to reconstruct by the dimerization of the arsenic 
atoms [14, 15] or of the gallium atoms at the surface [16, 17]. Under arsenic 
rich conditions (in our case for V/III > 10) the dimerization of the arsenic 
atoms at the surface occurs. At the (100) surface, two major atomic steps are 
distinguished. They are in the [011] and in the [01Ï] directions [18, 19], as 
is shown in Fig. 3.3. The adsorption of growth species at these two steps is 
similar when the arsenic atoms are unreconstructed [19], but quite different 
when they are completely dimerized. When the surface is completely covered 
with dimerized arsenic atoms, an adsorbed species, such as S1H2, can break one 
arsenic dimer bond at any place along the [011] step followed by incorporation 
as S'iGa· At the [011] step, however, the adsorbed species arriving at this step 
cannot directly be trapped at each step site, they only can be incorporated at a 
specific kink site at the step. During the growth of GaAs this kink site will be 
a gallium or an arsenic site alternatingly, therefore incorporation as Sioa or as 
SUS will be the result. From the above discussion, it can be concluded that an 
epitaxial layer grown on an (100)2°(011) substrate, which has a large number 
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Figure 3.4: Room temperature net carrier concentration (JV¿ — N^), total 
carrier concentration (JVfj + І д ) and compensation ratio (N^/N^) of the 
silicon-doped GaAs layers versus the mis-orientation of the (100) substrate. 
The V/III ratio is used as a parameter. The lines are guides to the eyes. 
of [Oil] steps, has a higher silicon incorporation rate and a lower compensation 
ratio than an epitaxial layer grown on a (100)2°(011) substrate on which the 
[01Ï] step is dominant. The results shown in Fig. 3.4 are in agreement with 
the above expectation for all V/III ratios > 10 where dimerization is expected 
to be present. Only for the case of V/III= 5 the difference in net carrier 
concentration between the (100)2°(011) and (100)2°(01Ï) oriented layers is not 
really significant. This indeed is an indication that in this case dimerization 
of the arsenic atoms at the surface is not complete. 
It is observed that the compensation ratio for the exact (100) samples 
consistently is the highest. Although the precise step configuration of the 
exact (100) samples is not known, this result can be expected. Since the same 
growth rate as the misoriented samples is maintained, the few steps which 
are present have to move so fast, that more silicon atoms become trapped at 
wrong positions. Apparently, this leads to an increased number of silicon on 
arsenic positions. Besides, the exact (100) surface showed a somewhat inferior 
morphology compared to the misoriented layers, which is most probably due 
to nucleation difficulties. 
An important observation is that the (100)2°(011) samples in all cases 
show the highest carrier concentration and the lowest compensation ratio. If 
it is noticed that (100)2°(110) is at present the most widely used substrate 
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Figure 3.5: Schematic view on the two types of possible steps present on 
( l l l )A. 
orientation for the growth of GaAs, a better choice would be (100)2°(011) 
when a low compensation ratio is desired. 
3.3.4 Group ( l l l ) A 
Based on morphological studies two types of stable steps are distinguished 
on the ( l l l )A surface, viz. steps in the [ÏÏ2] and the [112] directions (Fig. 
3.5). It was proposed that the [ÏÏ2] step, which has an (100) like character, 
can have step reconstruction forming arsenic dimers [18, 20]. The [112] step, 
which has an (110) like character, will have step relaxation similar to the (110) 
surface. These two steps have similar configurations as the [011] steps on the 
(100) surface and the [1ÏÏ] steps on the (110) surface respectively - the atomic 
configurations at the corner of the steps are similar, although they are rotated. 
These steps are expected to behave in the same way for silicon incorporation 
as the steps on the (100)2°(011) and (110)2°(lïï) orientations respectively, 
i.e. the compensation ratio of layers grown on an (111)A2°(ÏÏ2) substrate is 
expected to be lower than that of layers grown on an ( l l l )A 2°(112) substrate. 
However, this effect was not observed experimentally (Fig. 3.6). Neither the 
carrier concentration nor the compensation ratio differs much between these 
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two orientations. It appears that the incorporation possibilities for silicon 
at both the arsenic and the gallium sites are the same, both at the [112] 
and the [ÏÏ2] steps. The most possible explanation is that the proposed step 
reconstruction does not exists under these experimental conditions. 
As compared with the mis-oriented samples, the exact (111)A samples have 
lower values for the carrier concentration and higher values for the compensa-
tion ratios. The higher compensation ratios can be explained by the selection 
difficulties at the step during the fast movement of the step. 
3.3.5 The influence of the V / I I I ratio 
The influence of the V/III ratio on the total carrier concentration is shown in 
Fig. 3.7. For the V/III ratio from 5 to 10 the general trend is a decrease of the 
total carrier concentration. This effect is also reported by Bass [21], but no 
exact mechanism can be given. For V/III ratios higher than 10, an increase 
of the total carrier concentration is observed. This effect can be explained 
by the following argument: with an increase of the arsine partial pressure the 
concentration of gallium vacancies will be increased which in turn enhances 
the probability of silicon incorporation on a gallium position. Since the bond 
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Figure 3.7: Total carrier concentration (N^ +NA ) versus the V/III ratio for 
three different groups of samples ((100), (110) and ( l l l )A. 
strength of Si-As is higher than that of Si-Ga this leads to less desorption of 
S1H2 from the surface resulting in a higher total carrier concentration. This 
argument certainly is the explanation for the relatively stronger increase of 
the total carrier concentration in the (111)A layers for increasing V/III ratios 
(Fig. 3.7). 
3.4 Summary and conclusions 
It is shown that by looking at the silicon doping of GaAs as a function of the 
substrate orientation and mis-orientation, information of the incorporation of 
silicon at an atomic scale can be obtained. Quite a number of clear trends 
have been found in this study. For the (110) group it is observed that the net 
carrier concentration of the (110)2°(111) oriented layers is larger than that 
of the (110)2°(1H) oriented layers and that the compensation ratio is lower. 
Because this effect is very strong, it may find potential applications in epitaxial 
devices. 
For the group (100) samples, the net carrier concentration decreases in the 
order (100)2°(011) > (100)2°(01Ï) > (100) and the compensation ratio in the 
reversed order. This phenomenon has been explained by a consideration of 
the reconstruction possibilities at the surfaces, and the silicon incorporation 
possibilities at these different atomic steps. As compared with the commonly 
used (100)2°(110) substrate, growth on (100)2°(011) oriented substrates gives 
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the highest carrier concentrations and the lowest compensation ratios. 
No essential differences have been found between incorporation of silicon 
at the steps at the (111)A2°(001) and ( l l l )A2°(110)surfaces. 
This chapter is based on the article published in the Journal of Crystal 
Growth Vol.107 (1991), p.263, authored by X. Tang, J. te Nijenhuis, Y. Li 
and L. J. Giling. 
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Chapter 4 
The mechanism of sublattice 
location for GaAs grown on 
Ge 
Single domain GaAs layers have been grown by atmosphere pressure metalor-
ganic vapor phase epitaxy on Ge(100) substrates misoriented to (111) with 
different angles of 0° - 4°, under various growth conditions. It is found that 
at an initial growth temperature of 550 °C the sublattice location of the GaAs 
layers grown on substrates with small misorientation angles (less than 3°) is 
reversed as compared to that of the layers grown on substrates with larger 
misorientation angles, independent of the initial growth rates and V/III ra-
tios in the ranges used in this work. When the initial growth temperature 
is increased the transition from one type of sublattice location to the other 
occurs at a lower misorientation angle, while at an initial growth temperature 
of 700 °C the sublattice location of the layers grown on the different substrates 
becomes the same. These results can hardly be explained by the existing the-
ories. A new model is proposed in this chapter based on a concept that the 
sublattice location of GaAs on Ge is defined by the relative intensity of nucle-
ation at steps and on terraces between steps, taking into account the effects of 
the growth temperature and the step density of the substrate surface on the 
nucleation mode, and the fact that single domain GaAs can be obtained by 
the self-annihilation of antiphase boundaries. 
45 
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4.1 Introduction 
Because of its specific physical properties and lower costs Ge is a very attractive 
substrate for the epitaxy of GaAs. From a fundamental point of view, the 
nearly perfect lattice match of Ge to GaAs makes this system ideal for the 
study of polar on nonpolar epitaxy. The electronic properties of Ge suggest 
applications of this hetero-system in hole-based modulation-doped structures 
[1] and phototransistors [2]. The combination GaAs/Ge is successfully applied 
in GaAs/Ge solar cells, interface passivated cells and tandem cells [3-5], where 
the advantages of the GaAs solar cell are combined with the lower band gap 
and the superior mechanical properties of Ge. 
It is known that when polar materials are epitaxially grown on nonpo-
lar materials, two equivalent orientations corresponding to a difference in the 
location of cation atoms and anion atoms in the two sublattices can be ex-
pected in the epilayer [6, 7]. This leads to the formation of antiphase domains 
(APDs). Domains of different sublattice locations are separated by an anti-
phase boundary (APB), which is expected to provide deep levels inside the 
forbidden band and to act as strong scattering centers [7, 8]. In essence there 
are at least two approaches to completely avoid the formation of APDs: one 
is to use a specific crystallographic orientation on which APBs do not form 
in principle, like the (211) orientation. The other is to enforce somehow a 
step re-arrangement on the surface, an approach that has proven fruitful since 
early 1985 [7]. As the latter is concerned most of the work was done with 
the conventional (100) orientation, or deliberately misoriented from the (100) 
orientation by a few degrees [9-23]. Several models have been proposed for 
this re-arrangement: the step doubling model [7] and the odd step (triple and 
single-layer step) model [13, 15]. It has also been reported that growth on a Ge 
or Si surface with monolayer steps may result in single domain GaAs as well 
[9]. On the other hand it has been shown that when the growth is performed 
by molecular-beam epitaxy (MBE) the sublattice location of the GaAs epilay-
ers can reverse when different arsenic species are used in the growth of GaAs 
on Ge [13] or when the growth is performed at different temperatures as in the 
growth of GaAs on Si [15, 20, 21]. For these phenomena no well established 
explanation has been found so far. Since they are directly connected with the 
suppression of APDs, investigations on these phenomena are scientifically and 
technologically important. 
The present chapter reports an experimental study on the dependence of 
the sublattice location on both initial growth temperature and the misorienta-
tion angle of the substrates for GaAs grown on Ge by AP-MOVPE. A model 
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based on a concept that the sublattice location for polar material grown on 
nonpolar material is defined by the relative intensity of nucleation at the steps 
and on the terraces between the steps is proposed to explain the experimental 
results. 
4.2 Experiments 
The growth of GaAs layers was carried out in a horizontal AP-MOVPE reac-
tor using trimethylgallium (TMG) and arsine (AsHß) as source materials with 
a carrier gas of H2 purified by a Pd-diffusion cell. Details about the reactor 
have been described elsewhere [24] except that the reactor is cooled on top 
by an air cooler instead of a water cooler and that a molybdenum susceptor 
is used instead of a quartz susceptor. The total flow rate was 5 slm. The 
Ge substrates used in this work were polished η-type Ge wafers with resis­
tivity of 15-22 Пет. The (mis)orientation of the substrates was chosen to be 
(100) off towards (111), the well accepted misorientation on which APD-free 
GaAs can be grown [7], with misorientation angles of 0° (the real misorienta­
tion angle is about 0.4 degree), 2°, 3° and 4°. Prior to being loaded into the 
reactor, the Ge substrates were degreased with organic solvent, then etched 
in Η2θ:Η2θ"2:ΝΗ4θΗ based solution for 30 seconds, rinsed with water and 
then dried with nitrogen. The substrates were heated up to 730 °C at which 
they were annealed for 10 minutes, then cooled down to the initial growth 
temperature. During this thermal pretreatment no АэНз was supplied. Be­
fore TMG was introduced, samples were treated under AsHß ambiance for 13 
minutes. The growth consisted of two steps: first an initial growth, which was 
performed at a growth rate from 10 nm to 30 nm per minute, a temperature 
from 550 °C to 700 °C and a V/III ratio from 20 to 60, to a thickness of about 
200 nm; followed by a standard growth at a growth rate of 75 nm per minute, 
a V/III ratio of 13, and a temperature of 700 °C, to a total thickness of 2 μπι 
or 4 μπι. 
Several characterization methods were employed to study the epilayers. 
Molten KOH etch was used to reveal the presence of APBs on the surface 
of the epilayer or to prove that it was APB-free. The direction of the KOH 
etch pits, belonging to the outcrops of dislocations, was used to determine 
the crystallographic orientation of the epilayers [25]. Transmission electron 
microscopy (ТЕМ) analyses have been performed at MASPEC in a 2000FX 
JEOL microscope working at 200 kV on samples mechano-chemically thinned 
and then finished by room temperature Ar ion milling, to study the interface 
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Figure 4.1: The two possible sublattice locations of Ga and As atoms in GaAs 
grown on Ge(100) substrate. Domain GaAs-A and domain GaAs-B differ 
90° in their sublattice orientation. The hexagonal figures on the GaAs(lOO) 
surfaces represent the shape of the molten KOH etch pits. The long axis of 
the etch pits indicates the [01Î] orientation. 
properties. Optical interference contrast microscopy was used to study the 
surface morphology and the etch patterns. 
4.3 Results and Discussions 
The two possible final growth orientations of the GaAs epilayer on Ge(100) 
off towards (111) are shown schematically in Fig. 4.1. The domain "GaAs-A" 
corresponds to the case that the first atomic layer on the Ge surface is As, 
while "GaAs-B" represents the situation that the first atomic layer on the Ge 
substrate surface is Ga, based on the double step model of the Ge(100) surface. 
The only difference between GaAs-A and GaAs-B is the different arrangement 
of their polar <111> axes, that is, a reversal of the location of the As and Ga 
atoms in sublattices. The hexagonal figures on the GaAs-A and GaAs-B (100) 
surfaces represent the KOH etch pattern of dislocations. The long axis of the 
hexagonal etch pits, in both cases, lies in the [01Ï] direction for GaAs, that is, 
towards the nearest {l l l}As plane [25]. An epilayer with APDs on the surface 
revealed by the KOH etch is shown in Fig. 4.2. The boundaries between the 
APDs are clearly distinguishable. Careful inspection reveals that the direction 
of the etch pits in the adjacent domains is at right angles. In Fig. 4.3 and 
Fig. 4.4 typical surface morphologies of GaAs on Ge(100) substrates with 
small and larger misorientation angle are shown, respectively. For layers grown 
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Figure 4.2: Molten KOH etch patterns of a GaAs surface revealing disloca-
tions (such as the ones marked as a and b on the photo) and APBs (such as 
the close loop marked as c). Note that the long axis of the hexagonal etch pits, 
a and b, in the adjacent domains is at a right angle to each other, indicating 
that the crystallographic orientation of the domain where dislocation a exists 
is 90° rotated as compared with that of the domain containing dislocation b. 
Figure 4.3: Optical interference contrast micrographs of the GaAs layer on 
Ge(100) substrate with a small misorientation angle (0.4°) to (111), (a) Low 
magnification; (b) High magnification. The surface steps are in the vertical 
direction in these photos. 
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Figure 4.4: Optical interference contrast micrographs of the GaAs layer on 
Ge(100) with large misorientation angle (3°) to (111), (a) Low magnification; 
(b) Large magnification. The surface steps are in the vertical direction in these 
photos. 
on substrates with a small misorientation angle the misfit dislocations lying 
in the two <011> directions are perpendicular to each other (Fig. 4.3a). In 
this case the direction of misorientation of the epilayers is determined from 
the direction of the macrosteps on the surface (Fig. 4.3b). For layers grown on 
substrates with larger misorientation angles the misorientation of the epilayers 
is determined from the asymmetry of the misfit dislocation patterns on the 
surface (Fig. 4.4a) [26]. 
A KOH etch study of layers initially grown at 550 °C on surfaces with 
various misorientation angles, with a V/III ratio of 60 and a growth rate of 
10 nm/min, reveals that the layers grown on the different substrates all are 
single domain with a very good crystalline quality, indicated by an etch pit 
density of (1-3)xlO4 cm - 2 . The KOH etch patterns are shown in Fig. 4.5. 
A very important feature is that the layers grown on 0° and 2° misoriented 
substrates develop the phase GaAs-B configuration (see Fig. 4.1), while the 
layers grown on 3° and 4° misoriented substrates possess the phase GaAs-
A. Further studies on layers grown under identical initial growth conditions, 
except for a lower V/III ratio of 20, show the same feature. In order to see 
whether there is an influence of the growth rate, layers grown at 30 nm/min 
with a V/III ratio of 60, have also been studied by KOH etch. The results 
show that the preferred ordering is still present in this case, that is, layers 
grown on 0° and 2° misoriented substrates develop the phase GaAs-B, while 
layers grown on 3° and 4° misoriented substrates have the phase GaAs-A. 
In contrast with the layers grown at 550 °C, the layers grown at 700 °C 
on substrates with different misorientation angles all are of type GaAs-A, 
independent of the growth rates and the V/III ratios. Molten KOH etch 
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Figure 4.5: Molten KOH etch patterns of GaAs layers grown at a temperature 
of 550 °C, V/III ratio of 60 and growth rate of 10 nm/min, on Ge(100) off 
towards (111) with misorientation angle of 0° (a); 2° (b); 3 ° (c); and 4° (d). 
Note the 90° rotation of the crystallographic orientation in (c) and (d) (GaAs-
A) as compared with (a) and (b) (GaAs-B). Surface steps lie along the vertical 
direction. 
patterns for layers grown at a V/III ratio of 60 and a growth rate of 10 nm/min 
are shown in Fig. 4.6 as an example. 
KOH etch studies on the layers grown at 625 °C, however, reveal something 
different. In this case only the layer on 0° misoriented substrate has phase 
GaAs-B, layers grown on 2°, 3° and 4° misoriented substrates all have the 
phase GaAs-A, as shown in Fig. 4.7. In Fig. 4.8 the phase diagram is given for 
the transition from GaAs-A to GaAs-B as a function of misorientation angle 
of the substrates and the initial growth temperature. 
In order to reveal the interface properties ТЕМ studies have been per­
formed on the samples grown at 550 °C with a growth rate of 10 nm/min and 
a V/III ratio of 60. It is found that in the final GaAs-B layers grown on 0° 
and 2° misoriented substrates APDs are present near the GaAs-Ge interface 
together with some misfit dislocations. The size of the APDs decreases with 
increasing misorientation angle. For layers on 3° (4° as well) misoriented sub­
strates (type GaAs-A) only misfit dislocations are present but no APDs can 
be found. These ТЕМ results give direct evidence that despite the epilayers 
are free of APDs on the final surface, APDs can exist in the initial layer of 
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Figure 4.6: Molten KOH etch patterns of GaAs layers grown at a temperature 
of 700 °C, V/III ratio of 60 and growth rate of 10 nm/min, on Ge(100) off 
towards (111) with misorientation angle of 0° (a); 2° (b); 3° (c); and 4° (d). 
Note that in this case all the layers have the same orientation with respect 
to their surface steps, that is, GaAs-A. Surface steps lie along the vertical 
direction. 
the grown GaAs. The size of the APDs depends on the misorientation angle, 
which is an indication of the role of the step density of the substrate surface 
in the nucleation process of GaAs on the substrate. These results also directly 
demonstrate that self annihilation of APBs plays an important role in the 
APD-free epitaxy of polar material on nonpolar material, as will be shown in 
details in Chapter 5 [28]. 
In literature the phenomenon of type reversal has occasionally been studied, 
mainly with silicon as substrate. For instance the change of the orientation of 
the sublattices with the initial growth temperature has been found in MBE 
grown GaAs on Si [15, 20, 21]. Strite et al. has reported a reversal of sublat-
tice location between GaAs on Ge(100) and GaAs on Ge(100) 2° toward [011] 
grown by MBE when the growth was initiated with a Ga prelayer [27]. The 
mechanism proposed there can not explain the results of this work because it 
does not account for the case of an initial growth with As. To our knowledge 
these phenomena even has never been observed in MOVPE grown GaAs on 
Ge or Si. Pukite et al. [15] stated that such a reversal of sublattice location 
is due to the growth on substrate surfaces with single and triple-layer steps at 
high temperature and with single layer steps only at lower temperature, but 
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Figure 4.7: The molten KOH etch patterns of GaAs layers grown at a tem-
perature of 625 °C, V/III ratio of 30 and growth rate of 20nm/min, on Ge(100) 
off towards (111) with misoriented angle of 0° (a); 2° (b); 3° (c); and 4° (d). 
Note that in this case only the layer on 0° substrate is GaAs-B, the others, 
(b), (c) and (d), all are GaAs-A. Surface steps lie along the vertical direction. 
no detailed information is given about the mechanism of the dependence of the 
sublattice location on the step properties. Fischer et al. [20] interpreted their 
observations on the change of the sublattice location with initial growth tem-
perature in terms of a model in which the first atomic plane of GaAs following 
an unbroken Si surface is either an unbroken As plane (at low temperature) 
or an unbroken Ga plane (at high temperature). As pointed out by Kroemer 
[7], this model is incorrect because of the fact that As should be more difficult 
to evaporate from the Si surface than Ga due to the larger bond strength of 
As-Si as compared to that of Ga-Si. Kawabe et al. [21], however, attributed 
the reversal of the sublattice location to the different surface composition as 
obtained under different growth conditions, that is, the surface composition 
under As4 flux at low temperatures, which leads to more than one atomic 
layer coverage of As on the surface, shows a phase 90° rotated as compared 
with that of the high temperature one. Again no detailed explanation is given 
about how the surface As coverage influences the sublattice location of the 
epilayer. From all these studies no clear cut picture emerges which can ex-
plain the dependence of the sublattice location for GaAs on Ge on both the 
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Figure 4.8: Sublattice location phase diagram as a function of temperature 
and misorientation angle for GaAs on Ge(100) off towards (111). Full squares 
denote layers with their [Oil] orientation lying perpendicular to the surface 
steps (GaAs-A), open squares denote layers with their [Oil] orientation lying 
parallel with the surface steps (GaAs-B). The dashed line gives the empirical 
phase boundary. 
initial growth temperature and the misorientation angle of the substrates as 
observed in this work. 
To extend the discussion further let us consider the specific growth con­
ditions in this work. We always supply АэНз before TMG for the growth of 
GaAs on Ge. To our knowledge there is no information available in literature 
about the composition of the Ge surface under real MOVPE conditions when 
АэНз is supplied. In the case of the GaAs(lOO) surface, the surface composi­
tion is similar in AP-MOVPE and MBE, as was revealed recently by Kamiya 
et al. [28,29]. Likewise we assume that the surface composition of the Ge(100) 
surface also is the same under MOVPE and MBE conditions. From the re­
sults of Pukite et al. [13] who investigated the surface composition of Ge(100) 
substrates in MBE as functions of substrate temperature and AS4 flux, we 
then know that the surface composition of the Ge substrates should remain 
unchanged in the temperature range (550 °C - 700 °C) and arsine partial 
pressure range (0.8 mbar - 7.2 mbar) investigated in our work. As concerns 
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the effect of the misorientation on the surface reconstruction, Kroemer [7] has 
pointed out that a major deliberate misorientation is not really necessary to 
achieve the desired step doubling. Given a sufficiently high annealing temper-
ature for a sufficiently long time, even a small accidental misorientation, which 
is always present, is sufficient to achieve the desired goal. Even if the surface 
of substrates with small misorientation angles is not completely step-doubled, 
the terraces with their surface dimers parallel to the steps (as in the case of 
a completely step-doubled surface) still dominate the surface, as revealed by 
scanning tunneling microscopy [30]. Based on the above, it is evident that 
no dependence of the sublattice location on the growth temperature and on 
the misorientation angle of the substrates should be expected under the ex-
perimental conditions in our work. This points out the shortcomings of the 
accepted concept that the sublattice location is fixed in the first moment of 
the nucleation of polar material on nonpolar material. 
The experimental results in this work indicate that the substrate temper-
ature and the step density govern the initial growth process as concerns the 
sublattice location. In addition, in the layers grown at 550 °C, which are type 
GaAs-B, micro-APDs of type GaAs-A are present near the heterointerface 
when the step density is low, while in the layers which are type GaAs-A no 
micro-APDs of type GaAs-B are found at higher step density. This implies 
that the sublattice location is related with the formation of predominant nu-
clei at steps or on terraces. Taking into account the fact that single domain 
of GaAs can be obtained by the self-annihilation of APBs, a model to explain 
our experimental observations is proposed as follows: 
Generally, at lower growth temperature two dimensional nucleation is fa-
vored [31,32]. This means that nucleation may not only occur at step (kink) 
sites, but also on the terraces between the steps. We assume that (i) the ini-
tially nucleated GaAs at surface steps are of the type GaAs-A in their sublat-
tice location; (ii) the nuclei formed on the terraces have the reversed sublattice 
location, GaAs-B. The first assumption is quite straightforward based on the 
facts that the stable surface of Ge(100) misoriented towards (111) shows phase 
with the surface dimers parallel to the steps, as has been discussed in last para-
graph, and that As is deposited first on the Ge surface in our experiments. The 
second assumption is a direct extension of the model proposed by Kroemer 
(see Fig. 9 and Fig. 10 in Ref. 7) for the nucleation of GaAs on Si(100), 
termed as the Ga-dominated case, considering the electrical neutrality at the 
heterointerface. The resultant sublattice location of the GaAs nuclei on the 
terrace (no steps being involved) in that model is just GaAs-B defined in the 
present paper. For substrates with a larger misorientation angle, of which the 
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terraces between the steps are very narrow, the steps are so close to each other 
that no nucleus can be formed on the terraces, as shown in Fig. 4.9a. The 
nuclei at the steps can coalesce in an early stage of the growth. Overgrowth on 
such a surface will result in single domain GaAs with the sublattice orienta­
tion being the same as the initially nucleated one, the GaAs-A, and a smooth 
surface is obtained, as shown in Fig. 4.9b. On the other hand, for substrates 
with a small misorientation angle of which the width of the terraces between 
the steps is quite large, nuclei formed on the terraces will dominate, as shown 
in Fig. 4.9c. The nuclei at the steps will thus be surrounded by the nuclei on 
the terrace so that they are not able to connect with each other. Overgrowth 
on such a surface will have the result that the initially nucleated GaAs at the 
surface steps will become less dominant during the further growth and at last 
will completely annihilate, as shown in Fig. 4.9d. The sublattice orientation 
of the final single domain GaAs layer in this case will be 90° rotated as com­
pared with the layers on substrates with larger misorientation angles. At a 
higher temperature, however, both the desorption and mobility of adatoms are 
high. This diminishes the chance for 2-dimensional nucleation on the terraces. 
Therefore, only GaAs nuclei at the steps will be formed. Consequently all the 
layers will have the same sublattice orientation. 
This model is coincident with the observation of Pukite et al. [13] who 
observed that at higher temperatures the GaAs domain which initially prevails 
will finally dominate. According to our model, for medium temperatures some 
of the preferentially formed nuclei at steps are connected with each other while 
others are separated by the APD. None of the domains can dominate in a 
limited layer thickness or completely disappear. This will lead to layers with 
APBs on the final surface, corresponding to the case of crossing the phase 
boundary in Fig. 4.8. This phenomenon has been observed by Fischer et al. 
[20]. Based on the present model the sublattice location of the GaAs layer 
grown on Ge should also be dependent on the growth rate. The reason that 
we did not see such a dependence is that the nucleation is more sensitive to 
temperature than to supersaturation. The employed variations in the initial 
growth rate probably were too small to demonstrate its role. 
4.4 Summary 
Single domain GaAs layers have been grown by AP-MOVPE on Ge(100) off 
toward (111) substrates with misorientation angles 0°, 2°, 3°, and 4°, under 
various initial growth conditions. Epilayers have been studied by ТЕМ, molten 
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Figure 4.9: A model to explain the reversal of the sublattice locations be-
tween GaAs grown on Ge (100) off towards (111) substrates with small and 
larger misoriented angles at lower temperature, (a) Nucleation on Ge substrate 
with larger misoriented angles: nuclei form only at steps; (b) Overgrowth on 
(a), results in that the initial nuclei are connected with each other so that 
single domain of GaAs is achieved, (c) Nucleation on Ge substrate with small 
misoriented angle: nuclei form at steps and on the terraces with the latter 
having their crystallographic orientation 90° rotated; (d) Overgrowth on (c), 
results in that the initial nuclei at the steps are surrounded by the antiphase 
domain which becomes predominant latter (the single domain) as a result of 
the self-annihilation of the former, with its final sublattice orientation differ 
90 degrees from that of (b). 
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KOH etch and optical interference contrast microscopy. We have observed for 
the first time in MOVPE grown polar material on nonpolar material that the 
orientation of the epilayers can differ 90° with respect to their surface steps, 
depending not only on the initial growth temperature but also on the misori-
entation angle of the substrates. At 550 °C layers on 0° and 2° misoriented 
substrates have the orientation with their [Oil] direction parallel with the 
surface steps, while layers on 3° and 4° misoriented substrates develop an ori-
entation with their [Oil] direction perpendicular to the surface steps. With an 
increase of the growth temperature to 625 °C and 700 °C, the misorientation 
angle for the transition of the [01Î] orientation of the epilayers from parallel 
to perpendicular to the surface steps decreases to 2° and 0°, respectively. This 
work points out the shortcomings of the accepted conception that the sublat-
tice location is fixed at the first moment of the nucleation of polar material 
on nonpolar material. A model to explain the results of the present work is 
proposed based on a new conception that the sublattice location of GaAs on 
Ge is defined by the relative intensity of nucleation at steps and on terraces 
between steps, taking into account the effects of the growth temperature and 
the step density of the substrate surface on the nucleation mode, and the fact 
that single domain GaAs can be obtained by the self-annihilation of APBs. 
This chapter is based on the article published in the Journal of Applied 
Physics, Vol.76 (1994), P-5748, authored by Y. Li, L. Lazzarini, L.J. Giling 
and G. Salviati. 
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Chapter 5 
A closer s tudy on the 
self-annihilation of antiphase 
boundaries in GaAs epilayers 
Self-annihilation of antiphase boundaries (APBs) is reported to play an impor-
tant role in the APB-free heteroepitaxy of GaAs on Ge or Si(100) substrate. 
However, the precise mechanism about this annihilation process is still uncer-
tain. In this chapter the self-annihilation of APBs in GaAs epilayers is studied 
experimentally by following the course of the evolution of the APBs in two 
ways: (1) growing epitaxially GaAs on a GaAs surface which already con-
tained APBs to investigate the development of the APBs in the new layer by 
optical microscopy; and (2) layer-by-layer APB-revealing etching followed by 
mechano-chemical polishing of a GaAs epilayer possessing APBs to study the 
growth history of APBs. It is found that the self-annihilation of APBs occurs 
by rearrangement of randomly oriented APBs into ordered APBs which lie in 
{110} planes followed by propagation of APBs along the {110} planes which 
have an angle of 45° with the (100) surface until they completely annihilate 
at their intersections. 
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5.1 Introduction 
Heteroepitaxial growth of III-V semiconductors on Si and Ge substrates is 
increasingly gaining interest due to its possible application in integrated opto­
electronic circuits or other devices. Examples are GaAs, GaP or InP on Si 
which have been grown by Molecular Beam Epitaxy (MBE) or by Metal-
Organic Vapor Phase Epitaxy (MOVPE) [1-3].GaAs has also been grown on 
Ge by MBE and by MOVPE and high efficiency solar cells have successfully 
been made of this heterosystem [4, 5]. 
The first important issue which has to be dealt with in the heteroepitaxy 
of III-V compounds on Ge or Si is the formation of antiphase disorder in the 
epitaxial layer [6-8]. Apart from the different models about the suppression 
of the formation of APDs during the nucleation [6, 9, 10], self-annihilation 
of APBs is also reported to have played an important role in the APB-free 
epitaxy of III-V compounds on Ge or Si [11-18]. Kawabe et al. [13] and Fischer 
et al. [14] have reported the presence of a self-annihilation process of APBs 
during the MBE growth of GaAs on Si(100), as evidenced by atransition of the 
high-energy electron diffraction pattern from a mixed (2x4) GaAs surface to 
a resolved (2x4) surface. To explain this phenomenon a model was proposed 
in these papers, where it was assumed that the APBs propagated on the 
{111} planes and annihilated at their intersections, as is shown schematically 
in Fig. 5.1. A similar phenomenon has been observed by Strite et al. using 
the same technique during MBE growth of GaAs on Ge, and it was explained 
according to the above {111} APB model [15]. Recently, the self-annihilation 
of APBs is also revealed by ТЕМ (Transmission Electron Microscopy) studies 
of GaAs layers on Ge or Si [11,16-18], again the {111} APB model is taken 
or even a {ni l } (with η > 1) mechanism is suggested [17, 18]. However, the 
{111} annihilation model has never been convincingly proved by experiment. 
In addition, theoretical calculations of the excess energy of APBs indicate that 
{110} APBs are energetically more favorable than the {112} and {111} APBs 
[8]. This theoretical prediction is in accordance with experimental observations 
of APBs in GaAs on Ge which indeed showed that there are more {110} APBs 
than {112}, {111} and {100} ones [19]. Evidence of APBs in the {110} planes 
has also been obtained by plan view ТЕМ [16]. It is clear that further studies 
are necessary to determine the precise mechanism of the annihilation of APBs. 
This chapter describes an experimental study on the self-annihilation pro­
cess of APBs in GaAs epilayers on Ge grown by MOVPE. The three dimen­
sional development of APBs is recorded by growth of GaAs on a GaAs surface 
already containing APBs and by layer-by-layer APB-revealing etch followed by 
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Figure 5.1: Cross-section schematic diagram of the modei suggested in lit-
erature about the self-annihilation of APBs - the {111} plane APB model 
(according to Kawabe et al [13]). 
mechano-chemical polishing of a GaAs epilayer which contains APBs. Detailed 
information on the annihilation process of APBs have been obtained, which 
leads to a new model - a {110} APB model rather than the {111} mechanism 
suggested in literature. Compared with the ТЕМ cross-section technique, 
this work provides overall information on the development of complete APBs 
(showing close loops on the (100) surface) and is therefore statistically more 
meaningful. An explanation of the observed results is presented. 
5.2 Experiments 
GaAs epilayers containing APBs were grown by MOVPE at atmospheric pres­
sure on Ge(100) substrates. After the deposition of a 200 nm GaAs buffer 
layer at a temperature of 700 °C, a V/III ratio of 60 or 180 , and a growth 
rate of 10 nm, 30 nm or 60 nm per minute, further growth of GaAs was carried 
out at 700 °C with a V/III ratio of 13 and a growth rate of 75 nm per minute, 
during which phase the self-annihilation of APBs occurred. 
First a good etchant to reveal APBs was selected. The DSL etchant (Di­
luted Sirtl-like etchant used with Light) is known to have excellent properties 
as a defect revealing etchant [20], but its capacity to reveal APBs so far is 
unknown. On the other hand, molten KOH is known to reveal APBs [11, 21]. 
By comparing the etch patterns of DSL and those obtained by molten KOH 
L· 
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on the same sample, we found that the DSL etchant is also a remarkably good 
etchant for revealing APBs. DICM (Differential Interference Contrast Mi­
croscopy) micrographs showing the as-grown morphology, DSL etch patterns 
and molten KOH etch patterns of the same GaAs layer are given in Fig. 5.2. 
It is clear that the weakly visible APBs (Fig. 5.2a) are sharpened after DSL 
etching, and the same patterns are revealed by DSL (Fig. 5.2b) as by molten 
KOH etch (Fig. 5.2c). By careful inspection of Fig. 5.2c it is possible to see 
that the long axis of the etch pits in the adjacent domains are orthogonal, 
meaning that the crystallographic orientation in the adjacent regions differs 
90 degrees [21] and therefore the revealed boundaries are APBs. The use of 
DSL etchant is essentially important for this work because a sequential etching 
study can be performed easily by using the DSL system at room temperature, 
whereas this would be very difficult to do with molten KOH at 350 °C. By 
comparing Fig. 5.2a with Figs. 5.2b-c we can also get more knowledge about 
the morphology of the layer with APBs. 
The annihilation of APBs was studied in two ways: Firstly, a GaAs layer 
was grown on GaAs/Ge already containing APBs on the surface, and the 
morphology of the APBs before and after the deposition of this additional 
GaAs layer was compared by optical microscopy. This is possible because the 
APBs are weakly visible in the DICM micrographs (see Fig. 5.2a). Secondly, a 
GaAs layer with APBs on the surface was etched by the DSL etchant to register 
the position of the APBs on the original surface followed by mechano-chemical 
polishing. By applying DSL again on the polished surface the new position 
of the APBs could be registered. This sequence was repeated a number of 
times. A comparison of the DICM micrographs taken at each step shows the 
development of the APBs throughout the epitaxial layer and thus reveals the 
annihilation of APBs as a function of layer thickness. A ІЧНіОНіНгОг solution 
was used for the mechano-chemical polishing. 
5.3 Results 
The annihilation of APBs during epitaxial growth is shown clearly by com­
paring the morphology of GaAs with APBs on the surface before and after 
the deposition of an additional GaAs layer. Two GaAs/Ge(100) samples with 
small and large APDs were selected for this re-growth study. Upon these sam­
ples 2 μτη thick GaAs was grown. The morphology of the sample with small 
APDs on the surface before and after the growth is given in Fig. 5.3al and 
Fig. 5.3a2, respectively. It is shown that although the surface finish is slightly 
(a) (b) (с) 
Figure 5.2: Differential Interference Contrast Microscopy (DICM) graphs of a GaAs epilayer pos­
sessing APBs on the surface, (a) the as-grown morphology; (b) The same area etched by Dj^Si^L; 
(с) The same area etched by molten KOH. The arrows and inserts point to dislocation outcrops which 
differ 90° in orientation. 
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wavy the small APDs on the original surface have completely disappeared 
during the growth of the 2 д т GaAs layer. Fig. 5.3Ы and Fig. 5.3b2 show the 
morphology of a sample containing APDs with larger sizes before and after the 
growth. It can be seen in this case that not all APDs on the original surface 
have annihilated within the thickness of 2 μτη.: the small sized ones have com­
pletely disappeared whereas the larger ones (e.g. marked A and B) became 
smaller and developed a more regular pattern. These results demonstrate di­
rectly the self-annihilation of APBs in GaAs epilayers during the MOVPE 
growth. If the annihilation model of APBs as proposed by Kawabe et al. [13] 
is correct, the size of the APDs should become smaller along the [Oil] direction 
(for the matrix) when the APBs are of the {lll}Ga-type. So a top view of the 
(100) sample as in Fig. 5.3 should show that the size of the APDs diminishes 
along the horizontal ([01Î]) direction, while it expands in the [Oil] direction. 
If {l l l}As APBs are more favorable, then the size of APDs should become 
smaller in [Oil] direction and become larger in [01Î] direction. Upon careful 
inspection of a series of samples (e.g. APDs А, В in Fig. 5.3Ы and Fig. 5.3b2) 
such a simple behavior was not observed. This challenged the reliability of 
the existing model and prompted us to a more detailed study using sequential 
etching. 
The sample chosen for the sequential study contained a number of large 
APDs on the layer surface (Fig. 5.4a). A careful inspection of this and other 
samples revealed that almost all of the APBs lie either in [Oil] and [01Ï] 
directions, or in [010] and [001] directions. These specific directions of the 
APBs on the grown layer surface are determined very accurately with reference 
to the direction of the misfit dislocations (visible on DICM micrographs in 
lower magnification), which are known to lie in [011] and [01Î] directions on 
the (100) surface [16]. Figs. 5.4b-d show the APBs in exactly the same area 
as Fig. 5.4a but at a depth of about 1.6 μπι, 2.6 μτα and 3.1 μτη below the 
final surface of the epilayer, respectively. By 3-dimensional mapping of the 
contours of the APBs, we can directly find how the APDs had changed during 
the growth. It can be seen clearly that in the earlier stages of the growth of 
GaAs on Ge all APDs are so randomly-shaped that any faceting of APBs can 
hardly be recognized on a micron scale (Fig. 5.4d). During further growth all 
the APDs with a small size annihilate one after another within a thin layer. 
Also the ones with a larger size become smaller, while during this process their 
boundaries organize themselves in specific crystallographic planes which cut 
the (100) plane in [011], [011] and [010], [001] directions (Fig. 5.4c,b,a). 
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Figure 5.3: DICM micrographs demonstrating the self-annihilation of APBs. 
(al) Original as-grown morphology of a GaAs/Ge sample with small sized 
APDs on the surface; (a2) morphology of the same sample after growth of 
another 2 μπι GaAs; (bl) Original as-grown morphology of a GaAs/Ge sample 
with larger sized APDs on the surface; (b2) morphology of the same sample 
(bl) after growth of another 2 μπι GaAs. 
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Figure 5.4: DICM micrographs of sequential etching plus mechano-chemical 
polishing of a GaAs/Ge(100) sample showing the development of APBs as a 
function of grown layer thickness, (a) As grown surface; (b) 1.6 μπι deep into 
the layer; (c) 2.6 μπι into the layer; (d) 3.1 μπι into the layer. The APB 
contours are sharpened by the DSL etching. 
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5.4 Discussions 
5.4.1 T h e annihi lation mechanism of A P B s 
According to theory APBs in III-V compounds axe expected to occur in {100}, 
{110}, {111}, {211}, {311} planes [7, 8]. They can be divided into three 
groups. If the number of wrong bonds, Ga-Ga or As-As bonds, across the 
boundary is the same for both elements, the chemical composition at the 
boundary is stoichiometric and the interface is referred to as type 1. This type 
involves at least one a/4 < 111 > vector, such as the {110} and {211} planes. 
If all the bonds are of the same type the interface is referred to as type 2, 
examples are {111} and {100} planes, which are non-stoichiometric. Thirdly, 
the interface may consist of an unequal mixture of wrong bonds between the 
above two extremes. An example is the {311} plane which involves a ratio of 
2:1. Based on the above knowledge the APBs which cut the (100) surface in 
the [011] and [Oil] directions (hereinafter referred to as < 011 > type APBs) 
as given in Fig. 5.4a, may possibly lie in type 1 planes {011} or {211}, or in 
type 2 planes { Ш } , or in mixed planes {311}, while the APBs appearing in 
[001] and [010] directions (hereinafter referred to as < 001 > type APBs) can 
be positioned in type 1 planes {110} or type 2 planes {001}. 
To identify the crystallographic planes of the APBs so as to clarify the 
annihilation mechanism, a closer comparison of Fig. 5.4a and Fig. 5.4b is given 
in Fig. 5.5. This figure shows clearly that the major parts of the original <011> 
type boundaries do not move at all during the polishing, which means that 
the planes of these APBs are perpendicular to the (100) plane and therefore 
they are type 1 planes {011}. The movement of the remaining < 011 > 
type boundaries appeared to be the result of the movement of < 001 > type 
boundaries (examples are indicated by arrows A in Fig. 5.5) or to be the 
results of faceting into < 001 > type boundaries at the corner formed by two 
equivalent < 011 > type boundaries, as marked by arrows B. This result rules 
out the {111} APB annihilation model as proposed by Kawabe et al. [13]. It 
is shown in Fig. 5.5 that during etching all <001> type boundaries are shifted 
over a same distance. The distance of the shift is approximately 1.6 - 1.7 μιτι, 
the same as the thickness of the layer being polished away. This means that 
these APBs move on planes which are 45° off from the (100) surface, so the only 
possible planes are {110}. Another feature of the growth behavior that can be 
deduced from this picture is that the total length of the boundary is reduced 
during the growth. From this we can conclude now that the annihilation of 
APBs does not occur along the {111} planes, but that it takes place along 
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Figure 5.5: Schematic diagram showing the development of the APBs in 
Fig. 5.4. Full line represents the APBs on the surface (Fig. 5.4a); Dashed 
line represents the APBs at a depth of 1.6 μπι (Fig. 5.4b). Arrows A and В 
indicate the direction of the development of APBs at several points. See text 
for details. 
the {110} planes. The orientation in the crystal lattice of the {110} APBs of 
interest are shown schematically in Figs. 5.6a-b. 
The proof that APBs are lying in {110} planes also solves the problem 
associated with the propagation of {111} type APBs according to the literature 
model. As shown in Fig. 5.7a a non-annihilating {111} APB which propagates 
through the layer must periodically change its character between { l l l }Ga and 
{111}As. This was explained by a change in effective V/III ratio in the vapor 
phase for every 3 to 4 minutes during MOVPE growth [22]. Such a superficial 
explanation is not needed for the {110} APBs. As follows from Fig. 5.7b the 
propagating {110} APB remains stoichiometric during its shift from one plane 
to a corresponding plane. 
5.4.2 Energet ic considerations 
The result that the APBs re-organize themselves gradually into {110} planes 
during the growth proves that {110} planes are the most preferential planes 
for APBs in GaAs. 
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Figure 5.6: Projections of the GaAs lattice in < Oil > and < 010 > di-
rections giving a cross-section of the layer and a schematic view of the {110} 
APB planes (dotted lines), (a) APBs in the <011> direction; (b) APBs in 
the <010> direction. The APBs which have an angle of 45° with the (100) 
surface as marked in (b) as Bl and B2 are responsible for the self-annihilation 
of APBs. 
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Holt [7] pointed out that the APBs which enclose a volume in a matrix 
material are thermodynamically unstable and will tend to anneal out at ele-
vated temperatures, eliminating the high energy APBs. The etch study of the 
present work clearly shows that the annihilation of APBs in MOVPE GaAs 
layers is mainly due to the crystallographic development of the APBs during 
the growth and not due to the annealing of the whole APDs. 
The [100] axis has a two fold symmetry for III-V compounds. The (101) 
plane, for instance, is equivalent to the (10Î) plane, with no difference in their 
composition or stoichiometry. Consequently an {101} APB must have the 
same possibility (50% for each) to lie in either of these two planes, as shown 
schematically in Fig. 5.7b as Bl and B2. This means that the two opposite 
sides of an APD have only a 25% (0.5x0.5) possibility to come across and 
disappear at their intersection. For a layer which contains a lot of separate 
APDs (say N), the possibility for all of the APBs to annihilate ((2 χ 0.25)N) in 
this way in a limited layer thickness will be too small to occur. This is in con­
trast to our experimental observations. We think that in the self-annihilation 
process of APDs the law of energy minimization must have played an impor­
tant role too. According to Holt the energy of APBs in the sphalerite struc­
ture consists of nearest-neighbor interactions, long-range ionic interactions and 
non-stoichiometric contributions [7]. The nearest neighbor interaction term is 
obtained from the product of the number of wrong bonds per unit area and the 
extra energy of that particular wrong bond. This energy is more important 
than the ionic energy because the bonding is predominantly covalent in GaAs. 
Also non-stoichiometric type 2 APBs are less favorable in GaAs grown under 
the normal growth conditions, as indicated by the results of the present work 
and that of Petroff [8]. Following this discussion the average excess energy in 
a monolayer of (lOO)GaAs introduced by an APB can be estimated as 
EAPB = e(k,l,m)ds. (5.1) 
Here e(k, I, m) represents the excess energy per unit area of the APB in the 
(klm) plane, ds is the area of the APB in the (klm) plane. For a monolayer 
ds can be expressed as a function of the layer thickness, a/4 (a is the lattice 
parameter), the angle between the (100) plane and the (klm) plane, a, and 
the length that the (klm) APB plane cuts the (100) surface, di, as 
ds = ——-di (5.2) 
isina 
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[100] 
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(b) 
Figure 5.7: Projections of the GaAs lattice in [011] and [010] directions giving 
a cross-section of the layer and a schematic view of a propagating {111} APB 
(a), and of a {101} APB (b), when they shift from one plane to another plane 
of the same crystallographic set. A change of stoichiometry is involved for the 
{111} planes but not for the {101} planes. 
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It follows that 
l2 + m2 ,, „ , 
r
L
 Ik2 4- Z2 4- m2 a rL 
EAPB = J e(k,l,m)^K ¿
 + ^ 2 -di = J Ф(к,1,т)М. (5.4) 
The integration takes place along the whole length L of the APB on the 
(100) surface. According to the law of energy minimization the excess energy 
introduced by the APB should tend to zero, that is, the growth should go in 
the direction of 
ÔEAPB < 0. (5.5) 
From equation 5.4 it can be obtained that 
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where η represents the unit vector of the normal of the (klm) plane, and 
V—>Φ(&, Ι, τη) represents the gradient of Ф(к, I, m) with k, l, m as variables. 
η 
Using equation (5.8), equation (5.5) leads to 
/ 
η 
and 
L 
V->Ф{к, l,m)· Sitai <0(for SL = 0) (5.9) 
Ф(к,I,m)SL < 0 {for 6rt = 0). (5.10) 
Equetion (5.9) holds generally only if 
- > Ф ( М , т ) - < П ? < 0 . (5.11) 
η 
Equation 5.11 means that the APBs would tend to lie in planes which have 
a lower energy, which is known to be {110} in GaAs [8]. The experimental 
observations of the present work that the APBs rearrange themselves to lie in 
any {110} planes in the earlier stage of the growth can therefore be explained 
by equation 5.11. In equation 5.10 Ф(к,1,пг) is always larger than 0. That 
5.5 Conclusions 75 
means ÒL must be negative, that is, the APB tend to become shorter. This 
explains why the originally curved APBs rearrange into straight ones, and why 
the APDs with closed boundaries on the (100) surface, with their edges lying 
already in {110} planes, will always shrink and totally disappear. 
5.5 Conclusions 
Self-annihilation of APBs in GaAs epilayers on Ge grown by MOVPE has 
been studied by following the course of the evolution of the boundaries in two 
ways: (1) epitaxially growing GaAs on a GaAs surface which already con-
tained APBs and DICM investigations of the development of the boundaries; 
(2) layer-by-layer DSL etching plus polishing of a GaAs epilayer containing 
APBs to study the growth history of APBs. It is noticed in both ways that 
the self-annihilation of APBs is a general process in MOVPE grown GaAs. It 
is shown that the annihilation of APBs is mainly due to the crystallographic 
development of the APDs during the growth. It is found that the annihilation 
of APBs does not occur along the {111} planes and annihilate at their intersec-
tions, as suggested in literature. Instead, it follows a complex way: in the very 
first stages the randomly-arranged boundaries rearrange in such a way that 
they tend to lie in the {110} planes, in which process the total length of the 
boundaries is also decreased, leading to more regular shapes of the APDs on 
the (100) surface. Thereafter the boundaries lying in {110} planes propagate 
along the {110} planes which have an angle of 45° with the (100) surface un-
til they completely annihilate at their intersections. This work demonstrated 
that {110} planes are the most preferential planes for the presence of APBs 
in GaAs. The annihilation of APBs is well explained as a minimization pro-
cess of the excess energy required for the growth of the APBs in each following 
monolayer of GaAs. The present {110} plane annihilation mechanism of APBs 
also provides a new understanding of the structural property of APBs. 
This chapter is a modified version of an article submitted to the Journal 
of Crystal Growth, authored by Y. Li and L. J. Giling. 
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Chapter 6 
On the suppression of 
antiphase domain formation 
in epitaxial GaAs on Ge 
This chapter deals with the suppression of antiphase domain (APD) forma-
tion at the nucleation stage of MOVPE GaAs on Ge substrates. The GaAs 
epilayers have been grown on Ge(100) substrates misoriented towards <011>. 
Their APD properties are studied by various characterization techniques, as 
a function of substrate misorientation angle, growth rate, V/III ratio and 
growth temperature. Strong dependencies of the formation of APDs on all 
these parameters have been found, which provides detailed information on the 
characteristics of polar on nonpolar heteroepitaxy. Insight in the mechanism 
of APD formation leads to a clear concept to grow completely APD-free GaAs 
on Ge, which has been proved by the experimental results of this study. 
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6.1 Introduction 
In Chapter 4 and Chapter 5 it is shown that as a typical polar-on-nonpolar 
system GaAs grown on Ge may lead to the formation of antiphase domains 
(APDs) which are separated by the antiphase boundaries (APBs) in the epi-
taxial layer [1, 2]. APBs are expected to provide deep levels inside the energy 
band gap, to act as strong scattering and recombination centers [2-4] and to 
modify the band structure at the heterointerface [5]. The self-annihilation 
of APDs could lead to single domain epitaxy of polar materials on nonpolar 
materials [6-10], but in that case there are still APBs in the epilayer within a 
certain region from the interface into the epilayer, which could be still harm-
ful for devices, especially for devices which are based on the heterointerface 
properties. Studies on the mechanism of the formation of APDs may provide 
a clear concept or practical method to grow completely APD-free epilayers. 
APD-free epitaxy of polar materials on Ge or Si(100) off towards <011> 
substrates is usually attributed to a step doubling mechanism, whereas the 
formation of APDs is commonly considered as a consequence of the presence 
of monolayer (or odd-numbered layer) steps on the substrate surface [2, 11]. 
However, there are still reports that APB-free epilayer could be grown on (100) 
substrate possessing monolayer steps [12] and single-triple layer steps [13]. On 
the other hand, the formation of APDs is also often observed in layers grown 
on Ge or Si(100) even several degrees off towards <011> substrates [7, 9, 14] 
where step doubling seems to be easily achieved in practice [2]. It is evident 
that further studies are needed to enrich or to renew the existing theories. 
In general it is known that the formation of APDs depends on the sub-
strate misoriented direction and the misoriented angle [2, 9, 14], as well as on 
the growth temperature [7] and the V/III ratio [15, 16], although further in-
formation about these dependencies are scarcely reported in literature. Even 
less information on the effect of the growth rate on the formation of APDs is 
available in literature. In Chapter 4 a new mechanism on the determination 
of sublattice location of the GaAs epilayers on Ge is proposed, which offers 
a possibility to understand the phenomena of APD formation in an alterna-
tive way. In the present chapter the effect of substrate misorientation angle, 
the initial growth temperature, the growth rate and the V/III ratio on the 
formation of APDs in GaAs epilayers grown on (100)Ge off towards <011> 
is studied systematically. An analysis of the experimental results indicate a 
clear direction to grow completely APD-free GaAs epilayers on Ge substrates. 
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6.2 Experiments 
The growth of GaAs layers was carried out in a horizontal AP-MOVPE reactor 
using trimethylgallium(TMG) and arsine (АэНз) as source materials with a 
carrier gas of H2. The Ge substrates used in this work were polished n-type 
(100)Ge wafers misoriented towards < Oil > at angles about 0°, 2°, 3° and 4°, 
as specified by the manufacturer. The misorientation angles of the substrates 
have been checked in our laboratory using an X-ray diffractometer. They 
appeared to be within 0.2° of the specified values for the 2°, 3° and 4° samples, 
and 0.4° for the 0° substrate. The exact wafer contained a slight curvature. 
This allowed us to choose and cut samples with misorientations between 0° 
and 0.4° towards < 011 >. The growth of GaAs on the Ge substrates was 
initiated at a growth rate from 10 nm to 60 nm per minute, a temperature 
from 550 °C to 700 °C and a V/III ratio from 10 to 180, to a thickness of 
about 200 nm; followed by a normal growth at a rate of 75 nm per minute, 
a V/III ratio of 13, and a temperature of 700 °C. Details about the sample 
preparation and growth procedure have been described in Chapter 4. 
Several characterization methods were employed to study the epilayers. 
Molten KOH etch, performed at 350 °C, was used to determine the etch pit 
density and the crystallographic orientation of the epilayers [9, 17]. Optical 
interference contrast microscopy was used to study the surface morphology and 
the etch patterns. Transmission electron microscopy (ТЕМ) performed at 200 
kV was employed to investigate the structural properties of the epilayers. The 
DSL etchant (Diluted Sirtl-like etchant used with Light) [17, 18] was used to 
reveal the APBs (see Chapter 5). 
6.3 Results and discussions 
6.3.1 T h e effect of misorientation angle 
The formation of APDs strongly depends on the misorientation angle of the 
substrates. At a V/III ratio of 60, APDs have never been found in layers on 
substrates with misorientation angle > 3°. When the substrate misorientation 
angle is less than 3°, the APDs can be found in the epilayer in a thin region 
from the heterointerface into the layer by ТЕМ. For samples grown at 550 °C 
the width of the region where these APDs exist, is found to increase from less 
than one hundred nanometers to several hundred nanometers with a decrease 
of the misorientation angle of the substrates from 2° to 0.4°. DSL etch studies 
on beveled samples grown at 700 °C on substrates with misorientation angles 
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Figure 6.1: D ^ S i ^ L etch patterns of GaAs epilayers on Ge(100). (a) for 
layer on Ge about 0.4 degree misoriented towards <011>; (b) for layer on Ge 
with smaller misorientation angle than (a); (c) for layer on Ge with further 
smaller misorientation angle than (b); (d) for layer on Ge(100) exact. The 
arrow indicates the mis-cut direction and the [Oil] orientation of the epilayer. 
Growth conditions: temperature 700 °C; growth rate 10 nm/min; V/III ratio 
180. Marker represents 20μπι. 
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of 0.4° and 3°, also revealed that the layer grown on 3° misoriented substrate is 
free of APDs, while the epilayer grown on 0.4° misoriented substrate possesses 
APDs in a region near the heterointerface. The final surface of all these layers 
of 4 μπι thick show very good morphology with no APBs and a low etch pit 
density. 
With a further decrease of the misorientation angle the APDs formed in 
the epilayer will no longer be able to annihilate in a layer thickness of 4 μηι, 
consequently APDs can be found on the final surface of the epilayers. In 
Figs. 6.1a-d the DSL etch patterns are shown for layers on substrates with 
various misorientation angles from 0.4° to 0°, respectively. The decrease of 
the misorientation angle from Fig. 6.1a to Fig. 6. Id can be recognized from 
the decrease of the density of the macrosteps on the epilayer surface. It can 
be seen that the APDs on the grown layer surface increase in size and become 
more regular in shape simultaneously, with most of their edges lying in the 
two <011> directions when the misorientation angle is approaching 0°. Note 
that in Fig. 6. Id the sizes of the outermost boundary of APDs are too large to 
be seen completely on this micrograph, instead only complete inner sub-APDs 
are visible. 
It is generally known that the direction and angle of the misorientation 
of Si or Ge (100) substrates play an important role in the suppression of the 
formation of APDs when III-V compounds are grown on these substrates [2]. 
The increase of sizes of APDs with the decrease of misorientation angle can 
be explained in general by a model proposed in Chapter 4 about the nucle-
ation of GaAs on Ge in which it is assumed that the sublattice location of 
the final epilayer is defined by the relative intensity of the nucleation at steps 
(with the phase GaAs-A as shown in Fig. 4.1) and on the terraces between 
the steps (with the phase GaAs-B) (the step-terrace nucleation model) [9]. 
With a decrease of the misorientation angle the step density decreases and 
the terrace width increases such that two dimensional nucleation is favored. 
That is, nuclei will not only be formed at steps, but also be formed on the 
terraces. The nuclei formed on the terraces will become more and more impor­
tant with a decrease in misorientation angle. Consequently APDs with larger 
and larger sizes are found in the epilayer. However, the remaining large sizes 
of GaAs-A and GaAs-B when the misorientation angle is approaching zero 
can hardly be understood in this way. We are of the opinion that the fluctua­
tion of the surface misorientation also must have played an important role in 
this phenomenon. When the misorientation angle is approaching zero the local 
misorientation (angle and/or direction) must differ from place to place because 
of the non-flatness of the substrate surface itself introduced by the wafer pro-
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Figure 6.2: Optical micrographs of the as-grown morphology of 4 μπι thick 
GaAs layers on Ge(100) about 0.4° misoriented towards <011> substrate. The 
growth rate are 30 nm/min for (a) where no APDs exist, and 60 nm/min for 
(b) where APDs are present, on the final surface of the epilayer. The arrow 
indicates the mis-cut direction and the [01Î] orientation of the epilayer. Other 
growth parameters: temperature 700 °C and V/III ratio 60. Marker represents 
20 μπι. 
cessing. This relatively macroscopic non-uniformity will result in predominant 
nucleation of phase-Α or phase-B from place to place so that APDs with large 
sizes are observed. In addition, when the misorientation angle is approaching 
zero the density of the steps on the substrate surface is decreasing with their 
direction varying from place to place so that the confinement of the formation 
of APDs by the steps (terraces) is eliminated. Consequently the patterns of 
APDs will change from strips along the surface steps (Fig. 6.1b) to more square 
ones (Fig 6.Id). That APBs lie exactly on the two < 011 > directions and 
[010] and [001] directions for the layer on a 0° misoriented substrate, as can be 
seen in Fig. 6. Id, indicates that during the growth APBs would tend to lie in 
{110} planes, the energetically preferential planes to form APBs [4, 10], which 
have cross-sections with the (100) surface along either [011], [011] directions 
or [001], [010] directions [10]. Because this characteristic is not observed in 
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Figs. 6.1b-c, it is assumed that the evolutionary development of APBs along 
the {110} planes is strongly hindered by the presence of steps due to the 
misorientation. 
6.3.2 T h e effect of growth rate 
The effect of the growth rate on the properties of GaAs epilayers grown on 
Ge has been studied by Timo et al. [19]. However its effect on the formation 
of APDs has not been reported yet. We found that with an increase of the 
growth rate from 10 nm/min to 30 nm/min the morphology of the layers on 
misoriented substrates improved and the etch pit density decreased. In either 
cases no APDs could be found on the surface of samples with a thickness of 4 
μπι. However, with a further increase of initial growth rate from 30 nm/min 
to 60 nm/min, the effect of growth rate on the formation of APDs becomes 
obvious. In Figs. 6.2 the morphologies are shown for layers grown at 700 °C 
on 0.4° misoriented substrate, with growth rates of 30 nm and 60 nm per 
min. It can be seen clearly that APDs are not present on the final surface 
of the layer grown with a growth rate of 30 nm/min, but they are found on 
the whole surface of the sample grown with a growth rate of 60 nm/min. 
Because the substrates used in both experiments were identical, this result 
clearly demonstrates that the initial growth rate also plays a direct role in the 
formation of APDs. 
The effect of initial growth rate on the formation of APDs can be explained 
according to the step-terrace nucleation model [9]. At 700 °C and a relatively 
low initial growth rate, the epilayers consist of one single domain characterized 
by phase GaAs-A (ref. Fig. 4.1) which is the case that the nuclei are formed 
dominantly at steps [9]. With an increase of the growth rate two dimensional 
nucleation between the steps becomes more important. The nuclei formed 
on the terraces will compete with the nuclei formed at steps. Which domain 
will finally dominate also depends on the local properties of the substrate. 
Because of the non-flatness of the substrate surface APDs with large sizes 
will be formed which can not completely disappear in a small layer thickness. 
Consequently APDs will be observed on the grown layer surface. Fig. 6.3 
shows a phase diagram of the sublattice location of the epilayer as a function 
of initial growth temperature and substrate misorientation angle. The dashed 
line represents the phase boundary for lower growth rate (10 - 30 nm/min.), 
while the solid line represents the expected phase boundary for a growth rate 
of 60 nm/min. This means that the phase boundary between GaAs-A and 
GaAs-B will shift to higher temperature and larger misorientation angle when 
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Figure 6.3: Sublattice location phase diagram for GaAs on Ge(100) off to­
wards <011> as a function of growth temperature and misorientation angle. 
Full squares denote layers with their [01Î] orientation lying perpendicular to 
the surface steps (GaAs-A), open squares denote layers with their [Oil] orien-
tation lying parallel with the surface steps (GaAs-B). The dashed line gives 
the empirical phase boundary for low growth rate (10 nm - 30 nm/min); the 
full line represents the phase boundary for a high growth rate (60 nm/min). 
the growth rate is increased significantly. 
6.3.3 T h e effect of growth temperature 
The effect of initial growth temperature on the formation of APBs can be seen 
in Fig. 6.3. For growth on a substrate with a certain misorientation angle, vari-
ation of the initial growth temperature will lead to epilayers with sublattice lo-
cation showing either phase GaAs-A or phase GaAs-B. At a temperature more 
close to the boundary between GaAs-A and GaAs-B, APDs with large sizes 
will be formed in the epilayer. The transition of APD-free—»APDs—>APD-free 
with increasing growth temperature has already been found experimentally by 
Fischer et al. [7] in MBE grown GaAs on Si. From this work it is clear that 
such a transition temperature will depend on other parameters too, such as 
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the substrate misorientation angle and the growth rate, as has been discussed 
in the previous sections. 
6.3.4 The effect of V/III ratio 
The effect of V/III ratio on the formation of APDs was studied by growth 
on substrates with misorientation angle of 3° where normally no APDs are 
formed. But with a substantial decrease of the V/III ratio APDs will no longer 
be able to be completely suppressed by the 3° misorientation of the substrate. 
Figs. 6.4a-c show ТЕМ cross-sections of samples grown under V/III ratios of 
60, 20 and 10, respectively. It can be seen that for the layer grown under a 
V/III ratio of 60, the interface between the GaAs epilayer and the Ge substrate 
is very sharp with only misfit dislocations being visible (Fig. 6.4a). With a 
decrease of V/III ratio to 20, the heterointerface becomes less sharp, and apart 
from misfit dislocations other features are observed (Fig. 6.4b). These special 
patterns, similar as have been reported in literature [20, 21], is attributed 
to APDs. With a further decrease of V/III ratio to 10, APDs are present 
everywhere along the interface (Fig. 6.4c). The morphology of the GaAs layer 
is quite poor in this case with an etch pit density higher than l x l 0 6 c m - 2 . 
An enhancement of the formation of APDs at low V/III ratio has been 
reported by Suzuki et al. for GaP on Si, and such an effect was ascribed to 
the three-dimensional growth at low V/III ratio [15]. No reason was given 
why island-type initial growth could lead to the formation of APDs. In our 
experiments АэНз is always supplied before the TMG. For a certain growth 
rate (a certain input mole fraction of TMG) a higher V/III ratio also means 
a higher АэНз partial pressure under which the substrates were pre-treated 
before the growth started. The V/III ratio of the growth species may play 
its role in two ways. Firstly, the V/III ratio may influence the surface com­
position of the substrates, so that it affects the nucleation of the GaAs on 
the Ge substrate. Secondly, it may influence the growing out of the nuclei to 
clusters which coalesce with each other. Because GaAs with reasonably good 
morphology can still be grown on GaAs substrates under a V/III ratio of 10, 
the influence of the V/III ratio on the final growth of GaAs should be less 
important after the Ge surface has been completely covered by GaAs. With 
the decrease of V/III ratios from 60 to 10, the partial pressure of АэНз in 
the reactor dropped from 2.4 mbar to 0.4 mbar. Asai has reported a strong 
dependence of the sticking possibility of Ga atoms at step-edges on the АэНз 
partial pressure in AP-MOVPE GaAs on GaAs(lOO) [22]. A critical value 
of 0.4 mbar of АэНз partial pressure was found at which the possibility of 
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Figure 6.4: <011> ТЕМ cross-section micrographs of GaAs layers grown at 
550 °C and a growth rate of 10 nm/min with V/III ratios of (a) 60; (b) 20; 
(c) 10. Marker represents 100 nm. 
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the incorporation of Ga atoms in one type of steps exceeds that of the other 
type. This value coincides with what we have found in this work at which the 
APDs are formed homogeneously along the interface when GaAs is grown on 
Ge. We suppose that the transition of the step-edge structure with the V/III 
ratio also takes place when GaAs is grown on Ge which leads to a change of 
possibility for Ga or As atoms to be incorporated in the steps instead of only 
a change of growth rate in GaAs on GaAs. At the critical AsHß pressure both 
As and G a can be incorporated in the same steps so that the formation of 
APDs occurs. Another mechanism could be that a relatively high pressure of 
АэНз is required to lock the phase of the GaAs nuclei formed at the steps be­
fore they are connected with each other. Taking into account the temperature 
dependence of the structure of the substrate surface [22, 23], an AsHß partial 
pressure of 2 mbar is required to ensure the APD-free growth of GaAs on Ge 
at medium temperature. 
6.3.5 The suppression of A P D s 
After having studied the effects of each growth parameter and the properties 
of the substrate on the formation of APDs, a general rule for the growth of 
completely APD-free GaAs on Ge can be obtained. 
Based on the step-terrace nucleation model [9] it is known that whenever 
the grown layer has the phase GaAs-B, there must be APDs in the epilayer. 
From the discussions all above it is clear that in order to grow a layer com-
pletely APD-free, that is, no APD at all in the whole epilayer, substrate and 
growth conditions must be chosen such that growth occurs in the GaAs-A re-
gion (referring to Fig. 6.3), well away from the boundary between GaAs-A and 
GaAs-B. This can be realized if the growth is performed at a high V/III ratio, 
a relatively low growth rate, a reasonably high temperature, on a substrate 
few degrees off (100) towards <011>. All samples which were grown in this 
work according to this concept have been proved to be APD-free. 
6.4 Conclusions 
The effect of the growth parameters (substrate misorientation angle, growth 
temperature, growth rate and V/III ratio) on the formation of APDs has 
been studied for GaAs-on-Ge heterosystem grown by AP-MOVPE on (100) 
substrate misoriented towards <011>. It is found that the substrate misori-
entation plays the most important role in the formation (size and shape) of 
APDs. With a decrease of the misorientation angle the size of the APDs in 
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the epilayer increases, while at the same time a more regular shape of APDs 
is developed The effect of growth rate on the formation of APDs has been 
demonstrated, and the dependency of the formation of APDs on the growth 
temperature has been discussed. All these effects are well explained by the 
step-terrace nucleation model about the polar on nonpolar heteroepitaxy [9]. 
At a high V/III ratio of 60, a 3° misorientation can completely suppress the 
formation of APDs in the epilayer. The presence of APDs in layers grown on 
3° misoriented substrates at a lower V/III ratio indicates that an АэНз partial 
pressure of 2 mbar is necessary to ensure the APD-free epitaxy of GaAs on 
Ge. Insight in the mechanism of A P D formation lead to a clear concept to 
grow completely APD-free epilayer on Ge(100) substrate misoriented towards 
< 0 1 1 > , that is, growth must be performed at a high V/III ratio, a reasonably 
high temperature and a relatively low growth rate, on a substrate a few de­
grees misoriented. 
This chapter is based on an article to be published (in press) m the Jour­
nal of Crystal Growth, authored by Y Li, G Salviati, M M. G Bongers, L 
Lazzarini, L Nasi and L J Gihng. 
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Chapter 7 
On the release of strain in 
GaAs epilayers on Ge 
Growth of GaAs on Ge not only may lead to the formation of antiphase do-
mains because of the polar-on-nonpolar property, but also can result in the 
generation of misfit dislocations due to the difference in lattice constants. In 
this chapter the release of strain in MOVPE grown GaAs/Ge heterostructures 
as a function of layer thickness and growth parameters, especially those of 
the initial GaAs buffer layer, are investigated. It is found that the substrate 
misorientation angle and the V/III ratio for the growth of the initial buffer 
layer have a strong influence on the strain release process. Careful analyses 
of these results point to the presence of two different critical thicknesses cor-
responding to the turnover of the threading dislocations and the nucleation 
of new dislocations, respectively. Strong interactions between misfit disloca-
tions and between misfit dislocations and antiphase boundaries are observed. 
The presence of antiphase boundaries enhances the release of strain by form-
ing more misfit dislocations. The interactions of misfit dislocations with an-
tiphase boundaries are found to decrease the threading dislocation density on 
the grown layer surface instead of introducing extra threading dislocations as 
proposed in literature. 
91 
92 On the release of strain in GaAs epilayers on Ge 
7.1 Introduction 
Strained-layer semiconductor structures provide the possibility of new and 
improved electronics devices [1-3]. In addition to the problems encountered 
in lattice-matched epitaxy, the primary extra complication introduced by the 
lattice-mismatch strain is the possible introduction of extended defects that 
attempt to relieve elastic strain in the structure. Understanding and control 
of these defects appears to be the principle challenge faced in strained-layer 
epitaxy. 
Intensive studies on the lattice-mismatch (misfit) behaviors have been car­
ried out in the last two decades. However, experimental and theoretical under­
standings about the related phenomena are still incomplete [4]. One fact that 
has been noticed but still not been fully understood is that the rate of strain 
release observed experimentally is more inert than expected based on equi­
librium models in heterostructures with both large lattice mismatch [5-7] and 
small lattice mismatch [8]. For heterosystems with a smaller lattice-mismatch, 
say < 1%, the nucleation of a dislocation half loop at the growth surface is 
expected to be extremely difficult due to the very high activation energy as­
sociated with its nucleation. Nevertheless, in practice in the relatively low 
mismatch structures strain relaxation still does occur, so it is evident that un­
known nucleation sources of dislocations are operative. However, so far little 
work exists in establishing these alternative nucleation paths. Furthermore, 
the propagation of misfit dislocations (MDs) is reported to be strongly hin­
dered by the presence of antiphase boundaries (APBs) in GaAs layers on Si [9]. 
This reduces the average length of the MDs, hence more MDs must nucleate 
to effectively release the lattice mismatch strain. This effect is considered to 
lead to a very high threading dislocation density in layers possessing antiphase 
domains (APDs). However, convincing experimental data are still lacking to 
substantiate these ideas. 
The lattice mismatch ƒ between GaAs and Ge (ƒ = (ασ
ε
 — a-GaAs) / aGaAs) 
is quite small ( 7 . 6 x l 0 - 4 at room temperature, 1.18xl0 - 3 at 700 °C [10]), 
therefore this system is normally considered as an ideal system for fundamental 
studies of polar-on-nonpolar heteroepitaxy. However, less attention has been 
paid so far to its lattice mismatch property. In principle this system is a 
typical lattice mismatched system in the low mismatch regime, therefore an 
investigation on its lattice mismatch behavior should be able to provide useful 
information for theoretical considerations. In addition, because of its dual 
properties of being a lattice-mismatched and a polar-on-nonpolar system, the 
interaction of MDs with APBs [11] and the influence of the presence of APDs 
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Table 7.1: Description of the growth conditions. 
For the 200 nm buffer layer 
Run Tempera- V/III Growth rate 
ture (°C) ratio (nm/min) 
CT3 550 60 10 
CT4 700 60 30 
CT5 550 20 10 
For the growth 
afterwards 
Temperature: 700 °C 
V/III ratio: 13 
Growth rate: 75 nm/min 
on the release of strain can be studied more exactly than in the system of 
GaAs/Si or InP/Si where the situation is very complicated due to the very 
large lattice-mismatch. 
In this chapter the release of strain as a function of layer thickness and 
growth parameters, especially those needed to grow the initial buffer layer, 
are studied based on the heterosystem of GaAs on Ge. Special attention is 
given to the critical thickness, the process of strain release, and the effect of 
interaction of MDs and APBs on the release of strain. 
7.2 Experimental details 
The GaAs epilayers were grown on Ge in a horizontal AP-MOVPE reactor 
using trimethylgallium (TMG) and arsine (АэНз) as source materials. The 
growth was initiated by growing a GaAs buffer layer (about 200 nm thick) 
under various conditions, followed by a further growth under conditions which 
were identical for all the samples. The growth conditions for all samples are 
summarized in Table 7.1. 
Samples for the study of the rate of strain release as a function of the layer 
thickness (samples CT4) were grown on (100) vicinal η-type Ge substrates 
with a misorientation angle of 3° off (100) towards (111). The total layer 
thickness ranged from about 0.24 μπι to 4 μπι. For the study of the MD-
APB interactions, APDs were deliberately introduced in the initial layer in 
samples CT3 and CT5 by using substrates with different misorientation angles 
(0o,2°,3°) and by changing the growth conditions for the initial layer. The 
total layer thickness of these samples was about 2 μπι. The original dislocation 
density for all the substrates used in this work was about 3 x l 0 3 c m - 2 . 
The samples were investigated by high-resolution X-ray diffractometry 
(HRXRD) using Cu Και radiation and a two-crystal-four-reflection monochro-
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mator (Ge(022)). Two symmetric (400) and two asymmetric {533} reflection 
curves were recorded in order to measure the lattice parameters perpendicular 
(αχ) and parallel (ay) to the (100) plane respectively. As a reference the value 
ace = 5.6578Â (at room temperature) was used [12]. In the framework of the 
continuum elasticity theory, the relaxed lattice parameter a0 was calculated 
from the relation a0 = [(1 — v)a^_+2va^[/{1+v) [13], where the value и = 0.311 
was taken for the Poisson ratio. The residual elastic strain parallel to the (100) 
plane (ец) was obtained according to the relation ε\\ = (ац — a0)/a0. In case 
MDs are formed in the epilayer, the lattice mismatch can be written as 
ƒ = £„+*, (7.1) 
where δ is the plastic deformation accommodated by MDs. The average MD 
density, p, corresponding to the measured strain release, was then calculated 
according to the formula 
Ρ = S/b
e
ff, (7.2) 
where b
e
jf is the effective Burgers' vector component on the plane of the 
interface obtained by [14] 
b
e
ff — b sinrp cosu. (7.3) 
Here 6 is the amplitude of the Burgers' vector of the MDs, φ is the angle 
between the Burgers' vector and the dislocation line and ω the angle between 
the glide plane and the film plane. At room temperature a b
e
fj of 1.999 Â is 
calculated using b — 3.9976Â with a — 5.6535Â [15] and assuming that all MDs 
are of the 60° type, for which ψ — 60° and ω = 54.74°. A similar calculation 
gives a b
eff of 2.0078 Â at 700 °C using 6 = 4.0155À with a = 5.6856Â [10]. 
For some samples the {511} reflection rocking curves were measured. 
A DSL (Diluted Sirtl-like etchant used with Light) [16] etch study and a 
molten KOH etch study were performed to determine the misfit dislocation 
density in the epilayer and the threading dislocation density on the grown layer 
surface, respectively. Please note the difference between the misfit dislocation 
density and the threading dislocation density. In this study, by misfit disloca-
tion density, p, is meant the number of misfit dislocation lines along one of 
the < 011 > directions crossing a unit length in the other < 011 > direction, 
therefore it is an one-dimensional density with an unit of cm - 1 . The threading 
dislocation density, on the other hand, is defined as the density of the outcrops 
of the dislocations on the surface of the epilayer, so it is a two-dimensional 
density with an unit of cm - 2 . For the DSL study the samples were etched with 
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Figure 7.1: MDs revealed by D1/2S1/4L etching. Thickness of the sample: 
0.77 /xm. 
D1/2S1/4 [16] for 8 to 20 seconds at room temperature under the illumination 
of a 100 W halogen lamp at a distance of about 25 cm. The DSL etchant was 
used in this work because it could reveal the MDs with a very high resolution 
such that the number of the MDs could be counted precisely. The smallest 
distance between two dislocations distinguishable by the DSL method is about 
4 μιη for the samples studied which allows accurate counting to a maximum 
of MD density of 2500 c m - 1 . The molten KOH etch was performed at 350 °C 
for 8 minutes. From the direction of the long axis of the hexagonal etch pits 
the crystallographic orientation of the epilayer was determined [17]. 
Transmission electron microscopy (ТЕМ) investigations were performed 
on a JEOL 2000FX operating at 200 kV. The (100) oriented plan and {011} 
oriented orthogonal cross-sections of the samples were prepared by conven­
tional mechano-chemical procedures and subsequent argon-ion beam thinning 
at room temperature. The samples to be examined in plan view were etched 
from the layer side to thin the layers so as to make the imaging of the interfacial 
region possible. 
7.3 On the formation of MDs and the critical layer 
thickness 
The layers grown under condition CT4 on 3° misoriented substrates for the 
study of formation of MDs as a function of layer thickness all have a very 
smooth surface. It was found that with an increase of the layer thickness from 
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0.24 д т to above 1 pm, the as-grown morphology of the epilayers changed 
from a homogeneous surface to a surface where MD patterns were clearly visi­
ble. After the DSL etching the MDs became much sharper and MDs could now 
also be seen clearly on some samples where MDs were not visually observed 
on the as-grown surface. The DSL-etched surface of a 0.77 μπι thick layer is 
shown in Fig. 7.1. Very fine MD lines can be seen clearly in Fig. 7.1 which 
are asymmetrically distributed in the two < Oil > directions because of the 
misorientation of the substrate [18]. An asymmetry of the dislocation density 
in the two < Oil > direction was also found when the layer thickness is ap­
proaching the critical value, showing that more MDs lie in the [Oil] direction. 
This preference for the formation of MDs in one of the two < Oil > directions 
is consistent with what is known for other III-V tension systems, like the sys­
tem of GaAs/InGaAs and GalnP/GaAs [19, 20]. The thinnest sample where 
MDs still could be found has a thickness of 0.43 μπι, while the samples with a 
thicknesses of 0.33 μπι or less contained no MDs. The critical thickness h
c
 for 
the formation of MDs therefore must have a value between 0.33 μπι and 0.43 
μπι. 
The MDs lying along the surface steps are strictly parallel to each other, 
therefore the number of MDs along this direction could be counted precisely 
after DSL etching. However, for layers which are much thicker than 1 μπι the 
MD lines will overlap due to the high MD density so that the counting of the 
number of MDs becomes inaccurate. For these samples the ρ is calculated 
from the HRXRD data. The results of the density of MDs for layers with 
different thickness are shown by triangles in Fig. 7.2 
It can be seen clearly in Fig. 7.2 that the rate of formation of MDs with 
increasing layer thickness can be divided into two regions. In the first region 
(for thinner samples with a thickness between h
c
 and about 2 μπι) ρ increases 
very slowly when layer thickness increases. In the second region (for samples 
thicker than about 2 μπι) ρ increases fast with increasing layer thickness. The 
MD density required for a complete relief of epitaxial strain (ε = 0) can be 
calculated using equation 7.2 (δ = ƒ) as 
Ps = τ/-. (7.4) 
Oeff 
Assuming all MDs are of the 60° type, b
eff = 2.0078Â and ƒ = 1.18 χ Ю - 3 , a 
p
s
 of 5.9 χ 104 c m - 1 is obtained. By comparing the density of MDs of the first 
region in Fig. 7.2 with the density of MDs required for the complete relief of 
strain, it is obvious that only about 1.5 percent of the lattice mismatch strain 
is released in the sample with a thickness of about 1 μπι. 
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Figure 7.2: Density of MDs as a function of layer thickness. Triangles show 
the results of this work. The samples were grown under conditions CT4 and 
the data were obtained by DSL etching for layers to a thickness of about 1 
μπι and by HRXRD method for thicker samples. The solid lines present the 
best fits and the dashed line describes the prediction of the equilibrium theory. 
The full circles show the results calculated from the literature data [24]. 
Table 7.2: The critical thickness of GaAs on Ge calculated by different the­
oretical models at the growth temperature. 
Model 
/і
с
(/ші) 
Matthews-Blakeslee 
0.14 
Hu 
0.09 
van de Leur 
0.29 
It is known that in a heteroepitaxial film which has a different lattice 
constant than the substrate, a lattice-mismatch strain will arise [4]. The strain 
energy grows in proportion to the thickness of the "pseudomorphic" epitaxial 
layer. When the strain energy stored in the epitaxial layer exceeds a certain 
threshold value (at the critical thickness h
c
), the film tends to relax the strain 
by creating misfit dislocations. Theoretical treatments on the critical thickness 
are based on either a force balance approach [21] or energy considerations 
[14, 22], all provide the thermodynamically stable state. The critical thickness 
of GaAs on Ge is calculated by three theoretical models and the results are 
listed in Table 7.2. In this work the h
c
 is found to be between 0.33 μπι and 
0.43 μπι. From Table 7.2 it can be seen that the h
c
 predicted by the models 
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of Ни ала Matthews and Blakeslee are much smaller than the experimental 
value, while the value calculated by the model of van de Leur gives the most 
reasonable prediction. 
In his energy minimization approach Hu has deduced a formula of MD 
density as a function of layer thickness [14] for h > h
c
: 
, = A ( l - £ ) . (7.5) 
Here A is a prefactor. Based on the fact that the formulas given by different 
theories are similar in their form {e.g. the critical thickness is inversely pro­
portional to the lattice mismatch), a similar expression as equation 7.5 should 
be valid for all theories. From the behavior of the formation of MDs with the 
increasing layer thickness we assumed that two relaxation mechanisms are op­
erative. Fitting of the first part of our experimental data in Fig.7.2 (triangles) 
with equation 7.5, an A of 1.45-103/cm and a h
c
 of 0.41 μτη are obtained. The 
fitting result is shown as the solid line I in Fig. 7.2. The h
c
 value of 0.41 μπι 
obtained by this fitting is well in the range of the value found experimentally, 
while the prefactor A obtained is surprisingly small. As can be seen from 
equation 7.5, the prefactor A corresponds to the MD density required for a 
complete relief of epitaxial strain, i.e. as the film thickness tends to infinity. 
Therefore, the factor A should take the value of p
s
 given by equation 7.4, 
which equals 5.9xl0 4 cm _ 1 for the GaAs/Ge system at growth temperature. 
This large difference in prefactor A points out that the process of the forma­
tion of MDs in the thin epilayers investigated goes much slower than what is 
expected from the equilibrium theories. A similar fitting for the second part of 
our experimental results gives h
c
 = 1.73 μπι and A = 3.7 χ IO4 c m - 1 . This is 
indicated in Fig. 7.2 by the solid line II. The overall behavior of ρ as a function 
of layer thickness can then be given by the sum of solid lines I and II. The 
dashed line shows the situation predicted by the equilibrium theory. It can be 
seen clearly that there is a very big difference between this theoretical curve 
and our experimental data. 
When the thickness of a strained layer reaches the critical value the for­
mation of MDs in principle may occur through two different processes: (i) by 
the turnover of threading dislocations which originally exist in the substrate 
or are formed during the heteronucleation process; (ii) by nucleation of new 
dislocation loops in the epilayer during the growth. The formation of MDs by 
the turnover of threading dislocations involves no energy barrier, therefore it 
will occur in the first place. However, the nucleation of new dislocation loops 
needs to overcome an energy barrier so that it will occur only when the strain 
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energy built up in the layer is much higher (at a thickness higher than h
c
). 
The difference in the rate of strain release in the two regions in Fig. 7.2, 
which causes the discrepancy between the experimental results and the pre­
diction of theory, can be explained by a difference in the mechanism for the 
formation of MDs. The easiest way of strain release in the early stages of the 
growth is by bending of the existing threading dislocations, what requires no 
nucleation. This applies to the first region in Fig. 7.2. The MD density, p0, de­
termined by the threading dislocations from the substrates can be calculated 
according to 
Dd • La • Lb . 1 1 Dd-l 
p
° = — 2 — ι · τ
α
τ Γ ^ Τ "
 ( 7
·
6 ) 
where Dd is the original dislocation density of the substrate, L
a
 and L^ are 
the size of a square sample in the two < Oil > directions, I is the average 
length of the MDs in the epilayer, and the factor 2 is introduced because MDs 
lie in the two <011> directions. Equation 7.6 will reach a maximum if all 
the original threading dislocations are completely turned over, for that case 
I = (L
a
 + Lb)/4. For the substrates used in our experiments L
a
 « Lb « 2 cm 
and Dd « 3 χ 10 3 cm - 2 , so a maximum of p0 will be about 1.5 χ IO
3
 cm~
x
. The 
fact that the maximum value of p0 is so close to the A factor determined from 
the experimental data (1.45 χ IO3 c m - 1 ) indicates that the strain release in thin 
epilayers is indeed limited by the threading dislocations of the substrate, which 
in turn supports the above explanation [23]. In the case that the formation 
of MDs in the strained epilayer is governed by the turnover of the threading 
dislocations from the substrate, the increase of ρ with the increase of h in 
fact is caused by the increase of the average length of MDs, /. By comparing 
equation 7.5 with equation 7.6 it can be deduced that 
l=L^_Lb{l_h^ ( 7 7 ) 
where the prefactor A in equation 7.5 is replaced by the maximum value of p0 
instead of p
s
 given by equation 7.4. The density of MDs at a thickness of 1 
μπι shown in Fig. 7.2 is only about half of the maximum of p0, which means 
that no new MDs have been generated by nucleation in the 1 μπι sample of 
the CT4 series. The fact that no new MDs are formed below 1 μπι shows that 
other nucleation centers are absent, i.e, the quality of the grown material is 
good. 
In the second region of Fig. 7.2 the release of strain is controlled by the 
nucleation of new dislocations. This can be seen as follows. The MD density 
of the 2 μπι sample grown at the same condition (see Fig. 7.2) is three times 
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Figure 7.3: FWHM of {511} Bragg reflection peak of GaAs layers grown 
under condition CT4 as a function of layer thickness (triangles and dashed 
line). Literature data (full circles and solid line) [24] are shown for comparison. 
Note that samples grown under the conditions of CT4 contains no APDs, 
whereas APDs are present in the samples taken from literature. 
as large as the maximum of MD density determined by the turnover of thread­
ing dislocations from the substrate, so now new dislocations must have been 
formed in that layer. From this it can be deduced that the critical thickness 
for the nucleation of new MDs in GaAs on Ge under the growth condition 
CT4 has a value between 1 and 2 microns. The h
c
 obtained from the data of 
the second region in Fig 7.2, 1.73 μτη, agrees very well with this prediction. 
Furthermore, the prefactor A obtained for the thicker samples, 3.7xl04 c m - 1 , 
also is closer to the theoretical value of 5.9xl04 c m - 1 for a complete release of 
strain in the epilayer. Supplementary information about MD formation can be 
obtained from X-ray observations. In Fig. 7.3 the full width at half-maximum 
(FWHM) of the {400} reflection as a function of the layer thickness of the 
CT4 series is shown by triangles and dashed line. It can be seen that for thin 
layers the FWHM decreases with the increase of the layer thickness which 
follows the theoretical behavior of perfect GaAs (shown by dotted line), even 
when the layer thickness excesses the critical value. The sharp increase of 
FWHM with the increase of layer thickness when the layer thickness is about 
2 μτη indicates that a great number of MDs are formed in the epilayer. So 
in conclusion, we have found strong evidence for two relaxation mechanisms, 
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Table 7.3: Summary of the HRXRD investigations on 2 μπι thick GaAs 
epilayers grown under the specific conditions as listed in table 7.1 (1 = 0° 
off; 2 = 2° off; 3 = 3° off), ец: strain parallel to the interface; δ: plastic 
deformation; p: MD density. 
Samples 
CT3-3 
CT5-3 
CT3-1 
CT3-2 
CT3-3 
ч (ю-3) 
0.65 
0.35 
0.23 
0.46 
0.65 
¿(io-3) 
0.11 
0.41 
0.53 
0.30 
0.11 
ρ (IO4 cm" 1 ) 
0.6 
2.1 
2.7 
1.5 
0.6 
each with its own critical layer thickness. The first at h
c
\ = 0.41 μπι is due 
to the release of strain by the bending of threading dislocations, the second 
at hC2 = 1.73 μπι corresponds to the creation of new misfit dislocations by 
an activated process. Evidence for the existence of two critical thicknesses, 
corresponding to the turnover of threading dislocations and the nucleation of 
new dislocations, has also been reported by Dixon and Goodhew [25]. 
7.4 The effect of growth conditions on the release 
of strain - the roles of APBs 
Samples where the buffer layer was grown under conditions CT3 and CT5 were 
first studied by HRXRD. The results are listed in Table 7.3. When the layers 
grown on 3° misoriented substrates under different conditions are compared, 
a higher value of strain relaxation is measured when the V/III ratio is three 
times lower (CT5). For the samples grown in the same run (CT3), the strain 
relaxation increases as the misorientation angle decreases from 3° to 0°: nearly 
5 times of strain has been released in 0° misoriented sample as compared with 
that of the 3° misoriented sample. 
The samples also were investigated by ТЕМ to reveal the characteristics 
of MDs and to clarify the correlation between strain accommodation and the 
crystal defects. The interfacial regions of the samples CT3-1 (0o) CT3-2 (2°) 
and CT3-3 (3°) are shown for comparison in Figs. 7.4a, 7.4b and 7.4c, re­
spectively. It is clear that an increase in the misorientation angle for samples 
grown under the conditions CT3 prevents the formation of APDs, which are 
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the irregularly polygonal shaped defects in Fig.7.4a,b exhibiting dark-white 
fringe contrast at their boundaries [26]. The APD size is reduced from about 
500 nm to 50 nm or less as the misorientation angle changes from 0° to 2°. For 
larger angles, the APDs are not present in the samples. No remarkable dis­
similarities in the shape of the APDs between the two different < 011 > type 
orthogonal directions are observed. It is worth to note that all the APBs self-
annihilate within a few hundred of nanometers from the interface, so that the 
subsequent growth achieves a single domain GaAs layer, which is consistent 
with the KOH etching results [27]. 
The ТЕМ result for sample CT5-3 has already been given in Fig. 6.4b. It 
has been discussed before that, despite the large misorientation angle, APDs 
are present in this sample. The reason is the low V/III ratio used for the 
growth of the initial buffer layer in this case. 
MDs are present in all the investigated samples as the layer thickness is 
larger than the critical thickness. From Fig. 7.4, it is evident that the MDs are 
strictly confined in the plane of the interface in misoriented specimens, while 
the presence of APDs seems to force MDs to go into the epilayer. In some 
cases the dislocations run along the APBs. 
The very pronounced difference in the defect arrangement between these 
samples is confirmed when they are analyzed in plan view, as shown in Fig. 7.5. 
In the 0° layer (Fig. 7.5a), the dislocations are distributed in the usual < 011 > 
orthogonal network but, due to the interactions with the APDs, they are no 
longer extended straight lines. The great majority of MDs have been deter­
mined to have a Burgers' vector a/2< 110 > inclined with respect to the 
interface plane in all the investigated samples. Often MDs abruptly change 
their original direction and run along the APDs (as already suggested by the 
cross-sectional analyses): this may be due to the interaction with the elas­
tic strain field [28] or the local charge excess resulting from the As-As and 
Ga-Ga bonds at APBs. Some MDs stop at the APBs, as evidenced by the 
arrows in Fig. 7.5a, leaving the domain regions dislocation free. The lack of 
MD segments linking these 'dangling' ends is due to the etching removal of 
the upper part of the layer, as shown by their oscillating contrast typical of 
inclined dislocations emerging at the free surface. The APDs projected on the 
interface plane appear as large irregular closed polygons and their lateral ex­
tension is greater than their height. The boundary sheets lie mainly on {110} 
crystallographic planes, as suggested by the fringes parallel to the < 010 > 
directions on the (100) plane. This finding supports the {110} APB annihila­
tion mechanism presented in Chapter 5. The deviation from orthogonality of 
the dislocation networks, due to the misorientation, is indicated by the dotted 
7.4 The effect of growth conditions on the release of strain 103 
° 
Figure 7.4: {011} cross-section ТЕМ micrographs of GaAs layers grown on 
(a) exactly (100) Ge substrate (CT3-1); (b) 2° off (100) substrate (CT3-2); 
(c) 3° off (100) substrate (CT3-3). APD(s): antiphase domain(s); MFD(s): 
misfit dislocation(s). Marker represents 100 nm. 
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Figure 7.5: (100) plan view ТЕМ of the same samples as in Fig. 7.4a and 
Fig. 7.4c. (a) GaAs on exact (100) substrate (CT3-1); (b) GaAs on 3° mis-
oriented substrate (CT3-3). see text for details. Thickness of the sample: 2 
μτη. 
line in Fig. 7.5b. 
The average density of MDs, obtained from large-area (approximately 3 
mm
2) plan view ТЕМ investigations, is the same in the two directions, even 
if asymmetry is suggested by Fig. 7.5b. Actually, a nonuniform distribution 
of MDs in the sample has been revealed: MDs prefer to align in bands which 
occur in each direction, as also revealed by DSL etch (Fig. 7.1). The density of 
MDs measured by ТЕМ is in satisfactory agreement with that obtained from 
X-ray measurements, for all samples. 
By comparing the ТЕМ results and the X-ray measurements, it can be seen 
that with an increase of the misorientation angle of the substrates from 0° to 
3°, the size of APDs formed in the epilayers decreased from a few hundreds 
namometers to zero (no APDs) (see Fig. 7.4), at the same time the release of 
strain also decreased (Table 7.3). Consistent with this view is that the release 
of strain in sample CT5-3 is higher than that in sample CT3-3, where APDs 
are present in the former (see Fig. 6.4b) because of a lower V/III ratio used 
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during the growth while no APD exists in the latter (see Fig. 7.4c). These all 
are evidences that in layers where APDs were observed more strain has been 
released. This leads to the conclusion that the presence of APDs enhances the 
release of strain. The enhancement of strain release by the presence of APDs 
also can be seen when the results of our CT4 set of samples (containing no 
APDs) are compared with literature data, which are shown in Fig. 7.2 and 
Fig. 7.3 as full circles, where APDs were present in the samples [24]. Although 
a h
c
 similar to our value was reported, the release of strain takes place much 
earlier in the samples of the literature work than in our samples. To our 
opinion this is due to the presence of APBs in the samples of the literature 
work. Because the number of MDs counted by ТЕМ agrees very well with 
the amount of strain released determined by HRXRD in our experiments, it 
can be concluded that the presence of APDs enhances the release of strain by 
facilitating the generation of MDs, instead of giving a direct contribution to 
the strain relaxation. This points to a mechanism that the presence of APBs 
offers an alternative path (with lower energy barrier) for the nucleation of 
MDs. Two cases can be counted. In the first case the sizes of APDs in the 
growth direction are well above the h
c
. The APBs are exposed at the growing 
surface where new dislocations can be nucleated easily. In the second case the 
size of APDs is smaller than the h
c
. In this situation dislocations can not be 
nucleated initially at the APBs. However, APBs still can play a role in the 
formation of dislocations. This could be explained following the theory of van 
de Leur [22]. According to van de Leur a semicircular slip loop formed at the 
growing surface will be able to expand to generate a dislocation only when its 
radius is larger than a critical value RCTit corresponding to a certain energy 
barrier. Because APBs are structural defects which are relatively unstable, the 
slip loop will expand more easily along an APB. That is, the effective RCnt 
will decrease with the presence of APBs, which also means the barrier for the 
expanding of the slip loop to form a stable dislocation is decreased. It is clear 
that the smaller the size of APDs is, the less effective they will be in enhancing 
the formation of MDs. Our experimental data support this prediction - MD 
density gradually decreases when the misorientation angle of the substrates 
increases from 0° to 3°. More studies are needed to reveal the details of this 
mechanism. 
It is worth to re-examine the effect of interaction between APBs and MDs 
on the threading dislocation density of the epilayers. By plan view ТЕМ 
analysis of GaAs grown on Ge(100) (sample CT3-1), it has been shown in 
Fig. 7.5a that there are strong reactions between APBs and MDs. The pres­
ence of APDs seems to force the MDs to grow up to the grown layer surface, 
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Table 7.4: A comparison of threading dislocation density and the amount of 
strain released in samples with APDs (CT3-1) and without APDs (CT3-3). 
Sample 
CT3-1 
CT3-3 
APD 
yes 
no 
Strain released 
0.53ХІ0-3 
O.l lx lO - 3 
Threading dislocation density 
4 x l 0 4 c m 4 
1.5xl04 c m - 1 
which is expected to decrease the average length of MD lines so that more 
MDs must nucleate to effectively release the strain. For a same amount of 
strain accommodated by the formation of MDs, this effect could be expected 
to increase the threading dislocation density on the grown layer surface, as has 
been proposed in GaAs on Si [9]. To investigate the effect of presence of APDs 
on the threading dislocation density, samples CT3-1 (possessing APDs near 
the interface) and CT3-3 (without APDs) were studied by molten KOH etch­
ing followed by counting the number of etch pits in an area of 5 mm χ 5 mm, 
taking into account the amount of strain released. We found a threading dis­
location density of about 1.5xl04 c m - 2 on the 3° misoriented sample (CT3-3) 
and a value of about 4x 104 c m - 2 on the 0° misoriented sample (CT3-1). Both 
values are much higher than the original dislocation density of the substrates. 
The amount of strain released in these two samples have been measured by 
HRXRD and the results are summarized in table 7.4. It can be seen from 
this table that in sample set CT3-1 five times more strain is released than in 
sample set CT3-3. However, the threading dislocation density is only three 
times higher. So the presence of APDs in sample CT3-1 indeed facilitates the 
release of strain, but these APDs apparently do not form threading disloca­
tions. This is contrary to what has been proposed in literature. In fact, we 
found that MDs can go around APDs and react with each other. It is quite 
possible that the interaction between APBs and MDs catalyzes mutual reac­
tions between MDs which actually will diminish the number of MDs growing 
up to the epitaxial surface, as is illustrated by Fig. 7.6. In Fig. 7.6 MDs dl 
and d2 are ended at the grown layer surface in a layer which is free of APDs 
(Fig. 7.6a,b). In the presence of an APD dl and d2 will be directed along the 
boundary of the APD and react with each other (Fig. 7.6c,d). In this way the 
original dl and d2 combine into one dislocation line which will not end at the 
grown layer surface, and a new dislocation d3 is formed. The d3 can expand 
driven by the elastic strain to become a MD so as to release more strain, or 
will be annealed out if no residual strain exists, such that the density of the 
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Figure 7.6: The model to explain the suppression of threading dislocations 
by interaction between MDs catalyzed by the reaction of MDs with APBs. 
MDs dl and d2 ending at the grown layer surface are shown in top view (a); 
and < Oil > side view (b). In the presence of an APD dl and d2 may be 
directed along the boundary of the APD to get reaction with each other : (c) 
top view, (d) side view. See text for detail. 
threading dislocation is decreased. 
Fischer et al. reported that growth of GaAs on Si (100) misoriented towards 
[001] resulted in an epilayer with a greatly decreased threading dislocation 
density as compared with the layer grown on Si(100) misoriented towards 
[011]. They interpreted their observations in the following way: (1) there are 
steps along the two < 011 > directions on the surface of an (100) off towards 
[001] substrate which could enhance the generation of 90° MDs. This would 
be less on the sample which was misoriented toward [011]; (2) the 90° MDs 
are more effective for the release of strain so that the number of MDs needed 
for the release of strain is less; (3) in principle, the 90° MDs do not generate 
threading dislocations [31]. However, there is one well known argument against 
this explanation, that is, in III-V compounds 60° dislocations are predominant 
and 90° dislocations are hardly observed due to the higher energy required 
to form that type of dislocation. A better explanation is when APDs are 
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taken into account. It is known that for polar-on-nonpolar growth on (100) 
off towards [001] substrate APBs are always expected in the epilayer because 
steps along two of the < 011 > directions are present on the substrate surface, 
whereas growth on (100) off towards [011] substrate will lead to APB-free 
epitaxy [32, 33]. Based on this, the decrease of threading dislocation density 
in layer of GaAs grown on Si(100) off towards [001] substrate observed by 
Fischer et al. also provides direct evidence that interaction of APBs and 
MDs decreases the threading dislocation density in the lattice-mismatched 
heteroepitaxy epilayer. 
7.5 Conclusions 
The release of strain in the epitaxial layers of GaAs on Ge has been studied 
by various characterization techniques. Strong influence of the growth condi­
tions (misorientation angle and the V/III ratio) on the strain release has been 
found: with a decrease of the misorientation angle or a decrease of the V/III 
ratio for the initial growth the release of strain is enhanced. A closer study 
on the strain release process reveals the presence of two critical thicknesses 
for the formation of MDs in the epilayer, corresponding to (г) the turnover 
of the threading dislocations and (гг) the nucleation of new dislocations. The 
great majority of the misfit dislocations are 60° in character. The formation 
of APDs has been found to depend strongly on the growth conditions too: 
with an increase of the misorientation angle or the V/III ratio the formation 
of APDs will be suppressed. Correlating the results on the release of strain 
and the formation of APDs it is found that the presence of APDs enhances the 
release of strain by facilitating the formation of MDs, which points to a possi­
ble alternative path for the nucleation of MDs. Strong reactions between MDs 
and between APBs and MDs have been observed. The interaction between 
MDs and APBs is found to catalyze the mutual reaction between MDs which 
leads to a decrease in the threading dislocations on the grown layer surface. 
Part of this chapter has been published in the Journal of Materials Sci­
ence and Technology B28 (1994), P-502, authored by L. Lazzarini, Y. Li, P. 
Franzosi, L. J. Gihng, L. Nasi, F. Longo, M. Urchulutegui and G. Salviati. 
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Chapter 8 
Improvement of the efficiency 
of GaAs solar cells 
A good understanding of the fundamentals of solar cell devices so as to grow 
highly efficient GaAs solar cells on GaAs is a logical starting point for the 
growth of high efficiency GaAs solar cells on Ge. This chapter presents the 
progress of improving the efficiency of GaAs solar cells. A number of key 
points of the material parameters, the structure of the solar cells, the growth 
procedure, the processing technique and the characterization method of the 
GaAs solar cells have been investigated and/or improved, which resulted in a 
fast increase of the efficiency to 22.2 %. 
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8.1 Introduction 
GaAs is one of the materials with an optimal bandgap for the fabrication of 
high efficiency solar cells [1-3]. So far, the highest efficiency of single junction 
solar cells has been reached with a GaAs cell [4]. For both our original goals 
to make AlGaAs/GaAs tandem cells and the purpose to grow GaAs solar cells 
on Ge, it is essential to make good GaAs solar cells on GaAs substrates: the 
structure of the cell, the MOVPE growth conditions, the processing techniques 
and the characterizations of the devices, all need to be optimized. 
A few years ago a GaAs cell with a reasonably good efficiency of 18.3 % 
had been made in our laboratory [5]. Recent analysis of the limiting factors for 
the energy conversion efficiency of our former solar cells enabled us to improve 
the efficiency of our GaAs solar cells in an efficient way. This chapter presents 
the results of the analysis and the progress of the improvement of our GaAs 
solar cell efficiency. 
8.2 Theory of solar cells 
In order to improve the efficiency of the solar cells in an efficient way, the 
key factors which limit the cell efficiency must be carefully examined in light 
of the theory of solar cell device and based on a thorough comparison with 
the experimental results of the best cells in literature. For this purpose the 
operation principle of solar cells is reviewed briefly in this section. 
8.2.1 Single junct ion solar cells 
Absorption of light in a piece of semiconductor material leads to the generation 
of carriers: due to photon absorption an electron is excited from the valence 
band to the conduction band leaving behind a hole in the valence band. This 
process only occurs if the energy of the incident light, hu, is equal to/greater 
than the band gap, Eg, of the material. Photons with hv > Eg generate 
electron-hole pairs, which loose the excess energy in the form of heat. The 
photo-generated electrons and holes can recombine again, thereby emitting 
light. An electric field can spatially separate these electrons and holes. Such 
a field can be provided by a p-η junction, obtained by placing a p-type semi­
conductor on an η-type semiconductor, as is shown schematically in Fig. 8.1. 
The electrons that are generated in the p-type material can be driven towards 
the η-type material by such an electrical filed, while holes that are generated 
in the η-type material will move to the p-type material. Thus a photocurrent 
8.2 Theory of solar cells 113 
electron 
Figure 8.1: Operating principle of a solar cell. The p-η junction separates 
the photo-generated electron-hole pairs which give rise to the photocurrent. 
is generated, which is collected by the top and back contact of the cell and 
supplies power to an external load. 
A solar cell essentially is a diode, so that its current-voltage (I-V) charac­
teristic can be described in the ideal case by the following function, obtained 
by adding the photocurrent density, JL, to the diode characteristic [1]: 
tqVy J = J 0 [ e x p ( — ) - l ] - JL (8.1) 
where J is the current density, V the voltage, J0 the saturation current density 
(or dark current), q the electric charge, к the Boltzmann constant and Τ the 
temperature. The saturation current density J0 is a characteristic value for a 
diode which can be expressed as a function of the material properties [6]: 
J0 = qNvNc[^( — > , / 2+¿<t ) 1 / 2^<-|: (8.2) 
where Ny and Nc are the effective state densities in the valence band and con-
duction band, NJJ and NA are the donor and acceptor impurity densities, De 
and Dh are the diffusion coefficients for electrons in p-type material and holes 
in η-type material, r
e
 and т^ are the minority carrier life times of electrons 
and holes, respectively. The diffusion coefficients D
e
 and D^ can be coupled 
to the mobility of the carriers, μ/ι
 e
, through the Einstein relation: 
Dh,e = 
,*T, 
)ßh,e (8.3) 
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The diffusion length of the minority carriers can be expressed as: 
Lh,e = y/Dhterh¿. (8.4) 
From these equations the performance of an ideal diode solar cell can be 
deduced. The short circuit current density, Jsc, defined as the current density 
at V = 0, is obtained from equation 8.1 as: 
Jsc — —JL- (8.5) 
The photocurrent density J¿ is determined by the amount of carriers which are 
really collected after being generated in the cell by the absorption of light. It 
depends on the spectrum and intensity of the light, the construction of the cell 
and the material quality. The absorption of light in the material is determined 
by the absorption coefficient of the material, which is a function of the wave 
length of the light [7]. Carriers generated by absorption of light in the depletion 
region of the junction can be fully separated due to the strong electric field 
of the junction and give contribution to the light current, while the carriers 
generated outside the depletion region can only partially reach the junction 
and be collected. The possibility for a photo-generated electron or hole outside 
the depletion region to arrive at the junction increases with the increase of the 
diffusion length of the electron (in the p-type region) or hole (in the n-type 
region) [8]. Because the light absorbed in the cell decreases exponentially with 
the distance from the cell surface, the junction in a solar cell must be placed 
at a proper depth and the material must has a long carrier diffusion length, in 
order to optimize the light current. Furthermore, a standard for the spectrum 
and the intensity of the light under which the cell is evaluated has to be set 
up. In practice three spectrum standards are used: the Air Mass 0 (AMO), Air 
Mass 1 (AMI) and Air Mass 1.5 (AMI.5), which represent the solar radiation 
outside the earth's atmosphere, at the surface of the earth when the sun is 
overhead and at the surface of the earth when the sun is an angle of 48.2° off 
overhead, respectively. 
The open circuit voltage, Voc, defined as the voltage when J = 0, can be 
derived from equation 8.1. It follows that 
V o c = f c T l n ( J ; c + l). (8.6) 
It is clear that Voc increases with an increase of Jsc and with a decrease of J0, 
therefore it also depends on the properties of the incident light, cell structure 
and material quality. 
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The fill factor, FF, is defined as 
F F = ^ , (8.7) 
ν oc J sc 
where V
m
 and J
m
 are the voltage and current density at which the output 
from an unit area of a cell, Ρ = VJ, reaches its maximum. The FF is a 
measure of how "square" the output characteristics are. For an ideal diode 
solar cell the FF is a function of the V
oc
 only, increasing with the increase of 
V
oc
. 
The energy conversion efficiency, η, is then given by 
V J VT FF 
rl=-b— = 5 » ( 8 · 8 ) 
МП
 r
vn 
where Р
гп
 is the total power of the incident light on an unit area of the cell. 
When the band gap becomes smaller more photons from the solar radiation 
have the energy required to create electron-hole pairs, consequently the short-
circuit current density increases as the band gap decreases. On the other 
hand, the saturation current J0 increases exponentially with the decrease of 
band gap (equation 8.2) such that the open-circuit voltage decreases with 
the decrease of band gap. It follows that there will be an optimum-band-gap 
semiconductor for the highest efficiency. GaAs (Eg = ІЛ2е ) is just one of 
the materials which has a near-optimal band gap [1-3]. 
For a real solar cell device, however, its performance will depend on more 
parameters. The J
sc
, is of course proportional to the amount of light from the 
solar radiation which can come into the cell and be absorbed. The amount of 
light coming into and being absorbed in the cell depends on the following three 
parameters. One is the reflection of light from the cell surface, which may lead 
to a loss of more than 30% of the incident light. Anti-reflection (AR) coatings 
are normally applied to reduce this reflection loss [1, 9]. Another parameter 
is the coverage ratio of a metal grid contact on the side of the cell exposed 
to the sunlight. This metal grid may block 5 to 15% of the incoming light. 
In practice this coverage ratio should be made as low as possible, which is 
limited by the electric requirements of the device to this contact grid [1]. The 
third parameter is the thickness of the cell. The cell must be thick enough 
to absorb most of the light with appropriate energy so as to prevent that it 
passes straight out of the back of the cell. For a GaAs cell, which is a direct 
band gap material with the associated high absorption coefficients, this term 
is not important because a thickness of 5 μπι is more than enough. In addition 
to the above light source aspects, J
sc
 also strongly depends not only on the 
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recombination in the bulk material of the cell, as mentioned before, but also 
on the surface recombination. A barrier layer on the front surface consisting of 
a material with a higher band gap, like AlGaAs or InGaP etc, is usually used 
for GaAs solar cells to suppress the surface recombination [1, 10]. A barrier 
layer with a high quality and a low interface (between the barrier and the bulk 
GaAs) recombination velocity is necessary for this purpose. 
The recombination in the bulk semiconductor and at the surfaces also 
decreases the open circuit voltage Voc. The presence of these recombination 
paths lowers J¿ and raises J0, as will be discussed later, therefore Voc will 
decrease, as indicated by equation 8.6. The saturation current J0 described 
by equation 8.2 is derived under the implicit assumption that the diode is 
extended over an unlimited distance on either side of the junction. For actual 
devices with finite dimensions this value has to be modified by taking into 
account the surface recombination velocities at the exposed surfaces. The 
modified expression for J0 takes the form [1] 
Jo = qNvNci^i^2 * FP + ^ ( ^ ) 1 / 2 * F N ] e x P ( - ^ ) , (8.9) 
I\A Te ^D Th Kl 
where Fp and F/v are two complicated functions of the surface recombina-
tion velocities, thickness of the p-type and η-type layers, and the diffusion 
coefficient and diffusion length of minority carriers. The smallest value of J0 
and hence the largest V
oc
 will occur if both surfaces possess low recombina­
tion velocities. Another mechanism that can limit V
oc
 is the recombination 
in the depletion region of the junction [1], especially at ρ = η [11, 12], which 
was neglected for an ideal p-η junction diode. Including such depletion-region 
recombination adds an additional term to the current-voltage characteristics 
described by equation 8.1, which then becomes 
aV aV 
J = Jo[exp( |^) - 1] + . Л Л е х р ( ^ ) - 1] - JL, (8.10) 
where J
w
 has the value 
J« =
 9 ^r-p
kT
 (NvNcY/2eM-9%), (8.11) 
¿\/Te0Th0 £max ¿Ы 
with E
max
 being the maximum electric field strength in the junction, r
e
o and 
T/JO being lifetime parameters whose values depend on the type of trap and the 
volume density of the trapping defects. Equation 8.11 indicates that in case 
recombination centers are present in the depletion region a sharp junction, 
hence a higher e
max
, will be more favorable for a solar cell. The presence of 
8.2 Theory of solar cells 117 
this additional depletion-region recombination current can act to decrease V
oc
, 
as can be deduced from equation 8.10. 
The fill factor FF is also different in a real solar cell as compared with 
that of an ideal p-η junction cell. It can still be expressed as a function of V
oc
, 
therefore all the items which play a role in determining V
oc
 will influence FF 
too, and what can increase the V^ will increase the FF as well [1]. However, 
it needs to be stressed that recombination in the depletion region can reduce 
FF more effectively than only via the influence on V^ [1, 11, 12]. In addition, 
the FF can be further reduced by the parasitic series and shunt resistances 
associated with a cell. There are several physical mechanisms responsible for 
these resistances. The major contributors to the series resistance, R
s
, are 
the bulk resistance of the semiconductor material making up the cell, the 
bulk resistance of the metallic contacts and interconnections, and the contact 
resistance between the metallic contact layer and the semiconductor. The 
shunt resistance, R
s
h, is caused by leakage across the p-η junction, around 
the edge of the cell and in nonperipheral regions in the presence of crystal 
defects and precipitates of foreign impurities in the junction region [1]. Very 
high values of R
s
 and very low values of R
s
h can also reduce J
sc
 and V
oc
, 
respectively. 
From all the discussions above it is clear that the material quality, inter­
face properties, cell structural parameters and processing techniques all are 
important for solar cell devices. In order to make a solar cell with a good 
energy conversion efficiency, the material making up the cell must have long 
minority carrier diffusion lengths, the interfaces must have as low as possible 
recombination velocities, the p-η junction must have good properties and be 
placed at a proper depth from the cell surface exposed to the sunlight, and 
the cell must be very well processed (good metallic contacts showing low series 
resistance and low surface coverage ratio, a good AR coating, etc.). 
8.2.2 Mult i- junction solar cells 
The efficiency of an ideal single-junction solar cell is limited to 31%, which 
stems primarily from the inability to match the broad solar spectrum [17]. The 
mechanism behind this limitation is that only the light with photon energy 
> Eg can be absorbed by the cell material and each photon creates only one 
electron-hole pair regardless of its energy. The electron-hole pair generated 
by absorption of photons of energy > Eg will quickly relax back to the band 
edges, losing the excess energy in the form of heat (emitting phonons). Almost 
60% of the solar energy is lost in this way. By using a multi-junction solar 
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Figure 8.2: Schematic view of a two junction tandem cell 
cell [13-16], i.e. a cell consisting of subcells with varying band gaps that are 
stacked in such a way that the largest bandgap-cell is situated at the top and 
the smallest bandgap-cell at the bottom, one can ideally obtain a maximum 
efficiency approaching 60% [17]. 
Subcells with different bandgaps can be connected in a number of ways. 
For example, a two-junction cell can be connected in three configurations: (i) 
in series with only two output terminals for the cell (called a tandem cell), (ii) 
in series but introducing an intercell connection as the third output terminal, 
(iii) completely electrically separated with four output terminals. Because of 
the complexity or difficulty in connection of the four terminal cells and the 
three terminal cells to form a solar cell panel, more research has been devoted 
to the two terminal construction. A good review on the multi-junction solar 
cells can be found in reference [5]. In Fig. 8.2 the structure of a two-junction 
tandem solar cell is shown schematically. 
One demand for tandem solar cells is that current generated in each cell 
must be equal, especially at the maximum power point for each cell, that is, 
all the subcells reach their maximum power points at the same time, hence 
the tandem cell has the maximum output. Theoretical calculations of the 
maximum energy conversion efficiency of tandem cells under AMO and/or 
AMI and/or AM 1.5 solar spectrum with the band gaps of the subcells as 
the variables have been reported for cells consisting of two or three subcells 
[3, 13]. According to Fan et al [13] a two-junction two terminal tandem cell 
will reach an efficiency of 36.2% under AMI ( lx ) solar spectrum conditions, 
and the optimal combination of the bandgaps is 1.75 eV and 1 eV. A three-
junction two terminal cell will have an optimal efficiency of 42.1% under the 
same conditions, with combination of band gaps of 1.0 eV, 1.47 eV and 1.98 
eV. 
It is clear that current match for a tandem structure depends directly on 
8.2 Theory of solar cells 119 
the spectrum distribution of energy of the illumination. For example, for a two 
junction tandem cell a change in the light spectrum of the ratio of photons 
with energy higher than Eg\ to the photons with energy between Eg\ and 
Eg2 (referring to Fig. 8.2) will affect its current match situation. This also 
points out a fundamental difficulty for a proper characterization of the output 
properties of tandem cells by a single-source solar simulator. In practice either 
a multi-source simulator is used [18-20] or a special method to estimate the 
cell performance by a single-source simulator is taken [21]. 
The most popular materials for the fabrication of high efficiency tandem 
solar cells are the elemental semiconductors Si and Ge, the compound semi-
conductors GaAs, InP and other binary, ternary as well as quaternary systems 
from the III and V group elements. The band gaps of these materials can cover 
a very wide range, from 0.36 eV (InAs) to 2.45 eV (AIP). For the ternary or 
quaternary materials the band gaps can be varied continuously by variation 
of the composition of the materials in this range [5], satisfying in this way the 
prerequisite for the fabrication of multi-junction tandem cells, although some 
compound materials have an indirect band gap which requires a relatively 
thick layer for sufficient light absorption. However, to make a good tandem 
cell not only an optimal combination of the bandgaps should be considered, 
but also a good matching of the lattice constant must be satisfied. The lattice 
mismatch between the substrate and the epilayer causes misfit dislocations at 
the interface and in this way introduces more threading dislocations in the 
epilayers. Dislocations will act as recombination centers and therefore have a 
deleterious effect on the cell performance [22]. If the lattice constant, bandgap 
matching and the availability of the substrates are taken into consideration all 
together, the systems of AlGaAs/GaAs and InGaP/GaAs seem to be the most 
suitable combinations for two-junction tandem cells. An Al.37Ga.63As/GaAs 
tandem cell with an AMI.5 efficiency of 27.6% has been reported [23]. Lim-
itation of the AlGaAs/GaAs tandem cell is generally ascribed to the poor 
photovoltaic quality of AlGaAs, due to the sensitivity of AlGaAs to the small 
traces of oxygen and water present in the MOVPE reactor during the growth. 
Instead, the In.5Ga.5P lattice-matched to GaAs is much less sensitive to O2 
and H2O and has a much lower recombination velocity at the In sGa.sP/GaAs 
interface [24, 25], therefore the InGaP/GaAs combination seems to be more 
promising for tandem solar cells than AlGaAs/GaAs system [10, 26]. An In-
GaP/GaAs tandem cell with an AMI.5 efficiency of 29.5% has been achieved 
[27]. The combination of GaAs/Ge, although the bandgaps are quite away 
from the optimum points, has been used in a tandem cell resulting in an AMO 
efficiency of 23.4% which is higher than the best single junction GaAs cell 
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on GaAs substrates measured under similar conditions [28]. The most recent 
calculations of Faine et al. show that a two junction two terminal tandem 
cell based on the lattice-matched system of Ga.5In.5P (Eg = 1.9eV) and GaAs 
(Eg = 1.42 eV), and the system of GaAs and Ge could achieve an AMI.5 ( lx) 
efficiency of 35.5% and 34%, respectively, by thinning the top cell for a better 
current match [29]. 
In summary by using multi-junction structures the efficiency limit of solar 
cells can be boosted up. The tandem configuration of a multi-junction cell 
which has two output terminals is the most favorable one from the point of view 
of connecting the cells into a solar panel. For a tandem cell the light current 
from each subcells must be equal in order to have an high overall efficiency 
of the tandem. Extra attention also has to be paid to the characterization of 
tandem cells by solar simulators. To realize an optimal efficiency of a tandem 
cell not only the bandgaps of the subcells must be chosen properly, but also 
the lattice constants of the materials of different bandgaps in a tandem cell 
must match each other. 
8.3 Experimental efforts 
In this section the activities to improve the efficiency of GaAs solar cells are 
summarized. 
The work started with an analysis of the results of our earlier GaAs cells. 
The output characteristics of our best cell in that time were marked by a V
oc 
of 0.98 V, a J
s c
 of 24.6 mA/cm2, a FF of 0.76 and an η of 18.3 % [5]. When 
the results are compared with the output characteristics of the world record 
cell (V
oc
 1.022 V, J
sc
 28.1 mA/cm2, F.F. 0.871 and η 25.1 %) [4] it can be 
seen clearly that the major factors which limit the efficiency of this cell are 
the poor fill factor FF and the low short circuit current J
s c
. 
The low J
s c
 is partly due to the high coverage ratio (9 %) of the front 
metallic grid for that cell and the simple AR coating (single layer of S1O2). 
By decreasing the grid coverage ratio to 4 % and by using a double layer AR 
coating [?], the J
sc
 should reach a good value, hence an increase of V
oc
 too. 
This indicated the necessity of improving the processing technology of our 
solar cells. 
In general a poor FF can be caused by many parameters, as has been 
described in last section. Careful analyses on the output properties of our cells 
indicated that the poor FF is due to the presence of a large series resistance. 
To identify the responsible factor(s) for the implied series resistance for our 
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Figure 8.3: Diagrams showing the electric connections for a two terminal 
measurement (a), and a four terminal measurement (b), of the I-V character­
ization of solar cells. The contributions of the bulk resistance of the semicon-
dutor material, the contact resistance between the metal contact layer and the 
semiconductor material, the bulk resistance of the metal contact layer, to the 
measured series resistance of the cell device, are omitted here. 
cells, every suspected main contribution was examined carefully. It turned out 
that the following three factors were mainly responsible for the poor FF of our 
basic cells. 
(i) Bad contact between the cell and the measurement electrodes. We used 
to measure the I-V characteristics of cells by a two terminal method, in which 
the output voltage of the cell was measured by the terminals which delivered 
the current, as is shown in Fig. 8.3a. The poor contact between the cell 
terminals with the measurement electrodes may cause a measurement error 
on the cell performance, since the presence of the front and back side external 
contact resistances, r¿ and rc», will lower the measured voltage of the cell, 
Vmeasured — V - JA(rc' + Г
с
»), 
(A is the area of the cell) which will result in a decreased FF. The external 
contact resistances can vary from one measurement to another, even for the 
same cell. To prove this a number of cells were also measured by a four ter­
minal measurement connection as is shown in Fig. 8.3b. For the four terminal 
connections the effect of the possible contact resistances R
c
i and Äc» in the 
voltage measurement loop is negligible because of the very low current in this 
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Table 8.1: Fill factors for different cells measured by the two terminal method 
and the four terminal method. 
Samples 
CA2-2C 
CA4-1 
CE6-1D 
Measured Fill Factors 
two terminal 
0.71 
0.76 
0.70 
four terminal 
0.78 
0.79 
0.74 
loop so that V — V
measuTed. In table 8.1 the fill factors for three cells as 
measured by the two terminal and four terminal methods are compared. It 
can be seen clearly that a much better FF is obtained by the four terminal 
measurement. However, the values obtained by the four terminal method were 
still far from that of the record cell (0.871) mentioned above, pointing to other 
contributions. 
(ii) Power loss in the metallic contact layer. Loss of power in the metallic 
contact layers of the solar cells due to the high electric resistance of the layer 
was considered to be another factor for the poor FF. We used to make the 
metallic layers to a thickness of 2500 A to 3000 A by vacuum evaporation. 
After being annealed at 450 °C in a N2 atmosphere for several minutes in 
order to have a better contact with the semiconductor material, the ra-type 
metallic contact layer (Ge.15Au.85) became textured (split into islands), owing 
to the well known bad wetting of this alloy with the GaAs surface. The p-
type metallic contact (Au/Zn/Au) layer was still quite smooth after annealing, 
but a lot of large (air-bubble-like) defects were developed in the metal film. 
These changes in the metal layers are expected to increase their effective sheet 
resistivity. Because these contacts were not further treated (e.g. to make them 
thicker by electroplating), the power loss in the contact layers, especially in the 
front contact layer, could be significant. It has been found recently that when 
the front contact layer was made thicker by electroplating from an original 
thickness of 0.3 μηι to a total thickness of 1.5 μπι the FF of a cell could be 
improved from 0.78 to 0.83. This points out that a thicker metallic top contact 
layer is necessary for cells to efficiently collect the photocurrent. 
(iii) The poor quality of the window layer. The poor quality of the win­
dow layer (Al.85Ga.15As) was also found to be partially responsible for the 
poor FF. The poor quality of the AlGaAs layer appeared to be caused by the 
presence of H2O/O2 in the reactor during the growth [30-32]. It is known 
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that AlGaAs layers which are contaminated by H2O/O2 will have bad optical 
properties and a high recombination velocity at the AlGaAs/GaAs interface. 
For га-type AlGaAs the carrier concentration will decrease with the increase of 
Al composition and the incorporation of O2 [31, 32]. We found experimentally 
that the carrier concentration of Zn-doped AlGaAs layers also decreased sig­
nificantly with the increase of Al composition in the material and the presence 
of H2O/O2 in the reactor. Although the bulk resistivity of the window layer 
seems not to be critical for solar cells because the window layer is very thin, 
the interface between the insufficiently doped AlGaAs and the highly doped 
GaAs (the cap layer and the emitter) was found to produce non-linear electri­
cal behavior, which added a significant series resistance to the whole device. 
This indicated in another way that a good quality of the Al.85Ga.15 As window 
layer is very important for an AlGaAs/GaAs solar cell. 
Based on the above analyses it is clear that in order to boost up the 
efficiency of our solar cells, the processing technology, measurement technique, 
material quality, and cell structure parameters (doping levels, thicknesses, etc.) 
based on the available material quality, all have to be optimized. 
The processing technology has been improved in two aspects. Firstly, the 
photolithography method is used to fabricate the front contact grid, instead 
of using a metal mask, so that the surface coverage ratio decreased to 4 %. 
Secondly, a double AR coating, consisting of 48 nm ZnS plus 89 nm MgF2 on 
its top, has replaced the single layer of S1O2, hence the energy loss due to the 
reflection on the cell surface has also been reduced to less than 5 %. 
The cell characterization technique has also been improved. To suppress 
the influence of the electric contact resistances on the measurement, separate 
connections are bonded on the cell terminals for voltage and for current mea­
surement, respectively. A new I-V characterization setup has been constructed 
which is controlled by a computer, with a GaAs reference cell calibrated un­
der AMI.5 spectrum. The most important characteristics of a solar cell, like 
the open circuit voltage V^, short circuit current (density) I
sc
 (J
sc
), energy 
conversion efficiency 77, fill factor FF, maximum output current (density) I
m 
(Jm), maximum output voltage V
m
, can be obtained automatically after each 
measurement. The equivalent series resistance R
s
 and shunt resistance R
s
h, 
can also be determined. 
The necessary improvement of the quality of the AlGaAs layers could be 
realized with our newly home-built MOVPE system (see Chapter 1 and Chap­
ter 2). In this system GaAs and AlGaAs with very good quality and a low 
interface recombination velocity, as characterized by Hall measurements and 
life-time measurements, have been grown. 
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Figure 8.4: Lay-out of the basic GaAs solar cell. The type of doping and the 
doping level as well as the thickness of each layer are indicated. 
In order to optimize the structure parameters and the growth procedure for 
the cells more efficiently, all the variables were selected according to their roles 
in determining the cell properties, and only the most important parameters 
were adjusted instead of carrying out a "systematic optimization" precess. We 
started from a cell structure shown in Fig. 8.4. As compared with our former 
cell, an extra back-surface-field (BSF) layer (n-type Al.25Ga.75As) is inserted 
between the n+-GaAs buffer layer and the n-GaAs base of the cell. This cell 
construction was chosen based on our former cell [5] and literature work [34-
36]. The cap layer is made mainly for a better front ohmic contact therefore 
which is usually heavily doped. Its thickness and the exact doping level are 
not critical for the cell. Concerning the buffer layer, which is made mainly for 
providing a good starting surface for the growth of the cell structure (normally 
also quite heavily doped for a low resistance), its thickness and doping level 
also are not critical. The thickness of the base of the cell is chosen such that 
most of the light could be absorbed in this layer, here it is taken as three and 
half micron, and its accurate value is not important too; The window layer 
should be made as thin as possible [9], but must be thick enough to suppress 
the surface recombination. To be on the safe side a value of 250 Â was chosen. 
All these parameters were kept unchanged during the activities to improve 
the cell efficiency. Firstly, the doping levels for the base and the emitter were 
adjusted, because these two values determine both the carrier transport in the 
material to the junction and the properties of the junction which separates the 
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Table 8.2: The structure of our best GaAs solar cell. 
Items 
Mater. 
Type 
Thick. 
C.C. 
Individual Layers 
buffer 
GaAs 
η 
1 
2 x l 0 1 8 
BSF 
A1.25GaAs 
η 
.05 
4 x l 0 1 7 
Thick.¡Thickness, in μπι; C.C: 
base 
GaAs 
η 
3.5 
1.2xl01 7 
emitter 
GaAs 
Ρ 
.5 
4 x l 0 1 8 
window 
Al.asGaAs 
Ρ 
.025 
2 x l 0 1 8 
Carrier Concentration, in cm 3 
cap 
GaAs 
P + 
.5 
l x l O 1 9 
electrons and holes. The thickness of the emitter (the position of the junction 
from the cell surface) was varied in the next step. The procedure to grow the 
junction and the window layer were also adjusted. During this optimization 
process the output characteristics of the GaAs cells improved from an efficiency 
of 15.3 %, with a V
oc
 of 1.015 V, a J i C 19.7 mA/cm
2
 and a FF of 0.765, to an 
efficiency of 22.2 %, with a V
oc
 of 1.044 V, a J
s c
 of 27.2 mA/cm2 and a FF 
of 0.78 (with a front metal contact of 0.3 μπι). This result established a new 
national record of the efficiency of solar cells in the time when this work was 
earring on. Based on our experimental investigations, the fill factor should be 
improved to above 0.83 when the front contact layer could be made to 5 μπι 
thick, which should result in a improved efficiency approaching 24 %. The 
structure of this record cell (referring to Fig. 8.4) is summarized in table 8.2. 
By comparing our best GaAs solar cell with the world record cell it is seen 
that our GaAs solar cell has achieved a very good open circuit voltage and 
a reasonably good short circuit current. This means that in order to further 
increase the efficiency of this solar cell attention has to be given first to make 
reproducibly a thicker front metal contact layer, in order to improve the fill 
factor. The current output also has some space to improve, which might be 
realized by optimize both the growth procedure and the processing of the cell. 
For example a thicker front contact layer is expected to increase the short 
circuit current too. As the growth is concerned the thicknesses of the window 
layer and the emitter of the cell seem to be the most important parts of the 
cell to be optimized. 
8.4 Summary 
In this chapter the theories of single junction solar cells and multi-junction 
solar cells are reviewed. The theory on single junction solar cells, taking into 
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account the conditions for real devices, provides a clear view about the role of 
each structure parameter of a solar cell, the role of the processing technique 
as well as the measurement technology, in influencing the cell performances. 
Taking all these points into account the limiting factors on the efficiency of 
our former GaAs cells are discussed and experimentally investigated. It turns 
out that the low quality of the AlgsGaisAs window layer and the not-well-
developed processing techniques (for contact layer and AR coating) and the 
inappropriate measurement method were responsible for the relatively low 
measured energy conversion efficiency of our GaAs solar cells at that time. 
New efforts to boost up the cell efficiency have been made with the use 
of a new MOVPE system, the improvements in cell processing technique and 
measurement method. Great improvement on the solar cell efficiency has been 
realized by varying only the most important parameters which were selected 
according to the analysis. This resulted in an AMI.5 (1 sun) efficiency of 
22.2 %. With use of a thicker front metal contact layer instead of the 0 3 μπι 
layer the efficiency of the same cell should approach 24 %. 
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Chapter 9 
GaAs and lattice-matched 
GalnAs solar cells on Ge 
This chapter deals with the Ga(In)As solar cells on Ge substrates. Different 
methods to suppress the autodoping effect has been studied. It turns out that 
coating of SiOi by CVD on the back surface of the Ge substrates is the easiest 
method for this purpose. Material properties of Gai_xInxAs on Ge have been 
investigated. It is demonstrated that lattice-matched epitaxy of GalnAs on Ge 
can be realized by incorporation of a little more than one per cent indium in 
GaAs. The lattice-matched GalnAs on Ge has a perfect surface morphology 
containing no misfit dislocations, and has a very low threading dislocation 
density. Correspondingly, it shows a very narrow X-ray rocking curve peak 
and a fine photoluminescence spectrum. The band gap of the lattice-matched 
GalnAs on Ge is very close to the value for GaAs, which guarantees its use 
as a optimal material for solar cell application. GaAs solar cells and GalnAs 
lattice-matched solar cells are compared in their quantum efficiency and I-V 
characteristics, and the results are explained by correlating with the material 
properties. The experimental results indicate that GalnAs lattice-matched cell 
is superior to the GaAs cell for both single junction cells and tandem cells. 
GaAs cells on Ge with efficiency above 17 % have been achieved. The first 
GalnAs/Ge tandem cell has shown an efficiency of 15.4 %. 
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9.1 Introduction 
The advantage of using Ge as substrate for the growth of GaAs solar cells 
is that Ge is cheaper and mechanically stronger than GaAs, so that thin, 
light weight, low cost and high efficiency GaAs cells can be grown on Ge 
substrates. Certainly extra problems introduced by the use of the foreign 
substrate, germanium, have to be solved in order to have good devices. 
In Chapters 4 to 7 intensive studies concerning the material properties of 
GaAs on Ge have been presented. However, the problem of the formation 
of misfit dislocations (MDs) due to the difference in lattice constant between 
GaAs and Ge [1-4], still has not been solved so far. For solar cell applica­
tion the presence of dislocations in the cell device will decrease the minority 
carrier lifetime, increase the interface recombination velocity and raise the 
leakage at the junction, therefore worsen the cell performance [5-7]. For this 
reason, lattice-matched solar cells on Ge are expected to lead to an improved 
performance. 
Besides the quality of the grown material, more aspects have to be taken 
into account in order to grow good solar cells. For instance, the structure of 
the cell and the processing techniques may directly determine the performance 
of the device, as has been described in Chapter 8. In addition, problems which 
are not present for normal GaAs cells grown on GaAs substrates, have to be 
solved too. One important problem is that Ge easily evaporates at the growth 
temperature from the back side of the substrate and can be incorporated in 
the epilayer as η-type impurities during the growth of the solar cells, which is 
called the autodoping effect [8, 9]. 
In this chapter suppression of the autodoping effect by coating the back 
surface of the substrates with various materials is studied. By incorporation 
of indium in GaAs, the lattice constant of GaAs can be expanded [10] so 
that lattice-matched epitaxy of GalnAs on Ge could be realized. Material 
properties of Gai_
x
In
x
As on Ge, and the output properties of the GaAs solar 
cell and the lattice-matched GalnAs solar cell on Ge, are compared. The 
differences in cell performance are discussed in correlation with their material 
properties. 
9.2 Experiments 
The autodoping effect has been studied by growth of an undoped GaAs layer 
on Ge substrates with bare back surface and on Ge which were provided with 
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a back surface covered by various coatings (GaAs, SiO
x
 and SiN^, with χ and 
y between 1 and 2). 
The GaAs back surface coating layer was made by MOVPE. The growth 
temperature was set between 550 °C and 650 °C, with a growth rate of higher 
than 5 μπι per hour. Growing at these relatively low temperatures is necessary 
in order to ensure that this back surface layer has a low Ge concentration itself. 
The thickness of this layer was made to be 2 μπι or 4 μπι. 
The SiO
x
 layer was deposited by PECVD (Plasma-enhanced chemical va­
por deposition) at 340 °C, to a thickness of about 1 μπι. 
The SiN
x
 layer was made by PECVD at 305 °C, to a thickness of about 
0.6 μπι. 
Gai_
x
In
x
As with different indium concentration have been grown on Ge 
to study the material properties. The ratio of TMI to the total group III 
species in the gas phase, xg, was varied from 0 to 0.036 in many steps. The 
substrate specifications are: η-type Ge with a resistivity of 19 - 20 mficm; 
misorientation (100) 6° off towards (111); etch pit density <10 4 cm - 2 . The 
growth runs were initiated at one atmospheric pressure with a growth rate of 
1.8 μπι/h and a V/III ratio between 80 and 158 and then continued at 200 
mbar, with a growth rate of 4 μπι/h and a V/III ratio of 33 after a layer of 
about 0.2 μπι has been grown. The growth temperature was in the range from 
630°C to 700 °C. For all growth runs the growth time was 1 hour after the 
initial layer, therefore the layer thickness was about 4.2 μπι. 
The solar cell devices were grown at 700 °C. The same substrates as used for 
the material studies were used, except that the back surface of the substrates 
were protected by SiO
x
 for eliminating the autodoping. S12H6 and DEZn were 
used as the n- and p-type dopant respectively. The growth runs were initiated 
at one atmospheric pressure with a growth rate of 1.8 μπι/h and a V/III ratio 
of 158 for the first 2000 À layer and then continued at 200 mbar, with a growth 
rate of 4 μιη/h and a V/III ratio between 53 and ПО. ASH3 was supplied from 
the beginning of the heating up of the substrates. The growth temperature 
was kept constant at 700 °C during the growth. The initial layer was doped 
with S12H6 to a level as high as possible to reduce the Ga(In)As-Ge interface 
contact resistance [11]. After this layer the growth of the cell structure was 
similar to that of a GaAs-on-GaAs cell. GalnAs lattice-matched solar cells 
on Ge were grown identically as a GaAs-on-Ge cell except that 1.8 % TMI 
was introduced as the second group III species in the gas phase, which was 
based on the results of the material studies that the GalnAs with this In 
composition is lattice-matched to Ge and that the electronic properties of the 
lattice-matched InGaAs are very close to that of GaAs. The basic structure 
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Figure 9.1: Diagram of the structure of the Ga(In)As solar cells on Ge. The 
material, thickness and doping type and level of each layer of the cell are also 
indicated. 
of the cell is shown in Fig. 9.1. 
The epilayers were characterized by capacitance-voltage (C/V) measure­
ments to study the autodoping effect. The material properties of the epitaxial 
Gai-zIn^As layers were studied by optical interference contrast microscopy 
for their surface morphology, by photoluminescence for the optical properties, 
by molten KOH etch for their dislocation density on the grown layer surface 
[12] and by X-ray rocking curve measurement for their crystalline quality and 
residual strain [4, 13]. The solar cell devices were processed and measured in 
the same way as GaAs-on-GaAs cells, except that the coating layer for sup­
pression of the autodoping effect on the back side of the substrate has to be 
removed before the normal processing. The PV properties of the cells were 
characterized by quantum efficiency measurements and TV measurements. 
9.3 Results and discussions 
9.3.1 On the suppression of autodoping effect 
The autodoping effect has been studied in earlier papers about GaAs-on-Ge 
solar cells and was reported to be a serious problem at atmospheric reac­
tor pressure [8, 9, 14], but it was found to be unimportant at low pressure 
(20 mbar) MOVPE [3]. A high autodoping level will not only make the p-
type emitter of the cell highly compensated, but also will give trouble to the 
control of the doping level of the η-type base of the cell which is normally 
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( l - 2 ) x l 0 1 7 c m - 3 (see Chapter 8). Based on this consideration, an autodoping 
level much lower than l x l 0 1 7 c m - 3 is required for the fabrication of GaAs 
solar cells on Ge. In this work it was found that at a total pressure of 200 
mbar autodoping is still a detrimental problem which must be solved when 
Ga(In)As solar cells are grown on Ge. Epilayers grown at 700 °C on Ge sub­
strates with a bare back surface showed a carrier concentration higher than 
5 χ 10 1 7 cm - 3 , depending on the depth from the interface and the distance from 
the edges of the substrates. For samples grown at 650 °C the carrier concen­
tration due to autodoping decreased to a magnitude of 101 6 c m - 3 , depending 
on whether the substrates were annealed at 730 °C for 10 minutes before the 
growth (with a carrier concentration close to 10 1 7 cm - 3 ) or not (with a lower 
carrier concentration). 
A reduction of the autodoping level to 3-101 6cm - 3 at 700 °C has been 
observed in this work by covering the back surface of the Ge substrates with 
MOVPE GaAs film. The use of the PECVD SiO
x
 film is even better than 
GaAs for this purpose: a carrier concentration of about l x l 0 1 6 c m - 3 for layers 
grown at 700 °C and of about 4 χ 10 1 5 cm - 3 for layers grown at 650 °C has been 
measured with the use of the SiO
x
 back surface coating. SiNy is chemically 
more stable than SiO
x
, therefore an improved performance is expected with 
the use of SiNy as the back surface coating instead of the SiOx coating, from 
the points of view of the suppression of autodoping and the elimination of 
oxygen in the system. The carrier concentration of the layer grown at 700 °C 
on Ge with the use of the SiNy back surface coating was estimated to be less 
than 3-101 6cm - 3. 
In general, all these three films seem to work for the suppression of autodop­
ing effect, at least for growth at a temperature up to 700 °C. Still some differ­
ences can be accounted. Concerning the film preparation technique, PECVD 
SiO
x
 and SiNy is much simpler and cheaper than MOVPE GaAs for the con­
cerned purpose. Because the process temperature used for the PECVD is 
much lower than that for MOVPE, contamination of the front surface of the 
substrates due to the contact with the susceptor during the coating process is 
not serious for these methods (if any contamination exists it can be cleaned 
away easily by etching the sample in 10% HF for 5 seconds for SiO
x
 or 30 
seconds for SiNy). This advantage eliminates the troubles for the subsequence 
growth of the cell devices that did often happen when MOVPE GaAs coverage 
film was used. As for the cell processing simplicity, use of the SiO
x
 film is the 
easiest. The SiO
x
 back surface coating can be removed very easily after the 
growth of the cell by merging the sample in 25% HF for half to one minute, 
with almost no attack on the p+-GaAs cap layer of the solar cell structure. In 
134 G a As and lattice-matched GalnAs solar cells on Ge 
contrast, it is inconvenient to remove the GaAs back surface coverage layer. 
Because both sides of the wafers are GaAs after the growth of the cell struc­
ture, the front surface has to be protected during removing the GaAs back 
coating by etch. This is also the case when the SiNy film is used. After being 
annealed at high temperature for more than one hour during the growth of 
the solar cell the SiNy film changes its structure which can hardly been etched 
away by, e.g. HF solution. It takes more than 20 minutes to remove a 600 nm 
SiNy layer in 25% HF, during which time the cell structure could be damaged 
because the crystal defects can be etched through by this solution in such a 
long period, although the general etch rate of p-type GaAs by this solution is 
very low. 
Based on the results above it can be concluded that use of SiO
x
 is the 
simplest method for the suppression of autodoping effect for the growth of 
GaAs solar cells on Ge. For the cells described in this chapter SiO
x
 was used 
as the back surface coverage film. 
9.3.2 Material properties of Ga i_
x
In
x
As on Ge 
The composition of Gai_
x
In
x
As which is lattice-matched to Ge varies with 
temperature, because of the difference in thermal expansion coefficients be­
tween Gai_
x
In
x
As and Ge. A careful calculation indicated that in the range 
from room temperature to the growth temperature the strain in the Gai_
x
In
x
 As 
layer is tensile when χ < 0.0109 and compressive when χ > 0.016 [2]. At room 
temperature the two materials are lattice-matched when χ — 0.012. Since in 
layers with a certain thickness (for solar cells a thickness of about 5 μπι) MDs 
only appear when a critical strain is surpassed [15], a region of χ around the 
lattice matched composition will exist within which the epilayers are free of 
MDs. We therefore call all these layers as lattice-matched in this chapter. 
The as-grown morphology of the Gai_
x
In
x
As layers on Ge were found to 
change dramatically with the composition of the grown material. For GaAs on 
Ge (ig = 0), the typical cross hatch asymmetry in the two < 011 > directions, 
due to the formation of misfit dislocations [16, 17], was clearly observed on 
the as-grown surface of the epilayer. With the increase of xg from 0 to 0.007 
and then to 0.016, the density of the MDs in the epilayer became lower and 
lower. For layers grown under xg of 0.018 and 0.02, no MDs pattern could 
be observed anymore. The layers grown under these conditions showed a very 
smooth surface without any particular pattern. With a further increase of xg, 
MDs were observed again. In Fig. 9.2a, b, the micrographs of the as-grown 
morphologies of the layers with xg of 0 and 0.018 are shown, respectively. 
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Figure 9.2: Optical micrographs showing the as-grown morphology of the 
Gai_
x
In
x
As epilayers on Ge. (a) xg = 0 (GaAs); (b) xg = 0.018. 
X-ray rocking curve measurements showed that with the increase of xg 
from 0 to 0.036, the lattice constant of the Gai_
x
In
x
As increased from a value 
smaller than that of Ge to a value equal to and then larger than that of the 
Ge. That is, the heterostructures changed from a tension system to a lattice-
matched system and finally to a compression system. Correspondingly the full 
width at half-maximum (FWHM) of the Bragg peak of the epilayers decreased 
from 74 arc seconds for GaAs to 10 arc seconds for a layer grown under a xg 
of 0.018 and then increased again to 75 arc seconds for a layer grown under 
Xg of 0.036. The X-ray rocking curve from the {511} reflection of the layer 
grown under a xg of 0.018 is shown in Fig 9.3. The FWHM of 10 arc seconds 
for the lattice-matched layer on Ge is much narrower than what has ever been 
reported in literature for III-V compounds grown on Ge with a layer thickness 
of 4 μπι. This value is also very close to that of the GaAs-on-GaAs layer, 
indicating that the crystalline quality of this GalnAs layer on Ge is perfect. 
The 5K PL spectrum of the lattice-matched GalnAs layer on Ge is shown in 
Fig 9.4. The very fine structure of the exciton peaks and the higher intensity of 
the exciton peaks over the impurity peaks indicate again the very high quality 
of the epilayer. Comparing the energy position of the free exciton peak of this 
spectrum with that of a GaAs-on-GaAs layer, a 20 meV shift to the lower 
energy is found. This implies that the energy band gap of the lattice-matched 
GalnAs on Ge is only about 20 meV lower than that of GaAs, which is still 
in the energy range optimal for photovoltaic applications. 
Molten KOH etching indicated that the GalnAs lattice-matched layer in-
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Figure 9.3: X-ray rocking curve of the {511} reflection for GalnAs layer 
grown under xg = 0.018 on Ge. The GalnAs epilayer peak is very narrow 
with a FWHM of 10 arc seconds. 
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Figure 9.4: 5 К photoluminescence spectrum of a lattice-matched GalnAs 
layer on Ge. The broad peak at 1467 meV is the impurity peak. 
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Figure 9.5: Quantum efficiency of the GaAs cell and the GalnAs lattice-
matched cell on Ge. 
deed has a reduced dislocation density on the epilayer surface, specified by an 
etch pit density of about 3 x l 0 3 c m - 2 for the GalnAs lattice-matched layer, 
in contrast to an etch pit density of about 2 x l 0 4 c m - 2 for the GaAs layer. 
Comparing the etch pit density of the GalnAs lattice-matched epilayer with 
the specification of the substrate used, it can be concluded that in the lattice-
matched case no new dislocations are formed in the epilayer during the growth. 
9.3.3 Solar cell devices 
Quantum efficiency measurements on the GaAs cell and the GalnAs lattice-
matched cell show that the GalnAs cell has an improved response for blue 
light and infrared light as compared with the GaAs-on-Ge cell. The results 
are shown in Fig. 9.5. 
Because the structure and the process procedure for these two types of 
cells are identical, the difference in the cell property can be attributed to their 
difference in material quality. Dislocations in the material are known to act 
as recombination and scattering centers of the carriers, consequently a higher 
dislocation density also means a lower diffusion length of the minority carr 
iers [6] and therefore a lower photocurrent output [5-7].In addition, disloca­
tions can also deteriorate the p-η junction of the cell and raise the interface 
recombination velocity hence worsen the cell performance [6, 7]. On the other 
hand, the absorption coefficient of light in the cell is a function of the wave-
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Figure 9.6: I-V curves of the GaAs cell and the GalnAs cell on Ge. The I-V 
curve of the GaAs cell with the same structure on GaAs substrate is provided 
for comparison. 
length of the light, and in general the longer the wavelength (the more close 
to the infrared) the smaller the absorption coefficient and hence the deeper 
the place the photon can get to the cell [18]. Based on this knowledge, the 
improvement of the infrared response of the GalnAs lattice-matched cell on 
Ge as compared with that of the GaAs cell on Ge can be explained by an 
increase of the diffusion length of holes in the η-base of the cell, while the 
enhancement of the output for blue light can be ascribed to an increase of the 
diffusion length of electrons in the p-emitter and the decrease of the surface 
recombination velocity at the window-emitter interface, due to the decrease 
of the dislocation density in the lattice-matched cell. From this point of view 
the lattice-matched epitaxy of GalnAs solar cell on Ge provides a new chance 
to boost up the efficiency record of III-V compound solar cells grown on Ge. 
The I-V characteristics of the GaAs cell and the lattice-matched GalnAs 
cell on Ge are shown in Fig. 9.6. For both cells the I-V curves show a clear 
notch and a higher V
oc
 as compared with the I-V curve of a normal GaAs-
on-GaAs cell. This phenomenon is similar as has been reported in literature 
[9, 19], which is attributed to the presence of an extra p-η junction in the Ge 
substrate in series with the Ga(In)As cells. This extra junction was formed 
during the growth of the Ga(In)As cell on Ge because of the in-diffusion of 
Ga and As atoms into Ge, as will be dealt with in chapter 10. By comparing 
9.3 Results and discussions 139 
the output characteristics of the lattice-matched GalnAs cell and the GaAs 
cell on Ge with that of the GaAs-on-GaAs cell of the same structure (η 21.5 
%, FF 0.776, V
oc
 1.03 V and J
s c
 26.9 mA/cm2), it can be seen that the total 
efficiency of the Ga(In)As cells (11.7 %) is limited by the poor fill factor (0.36) 
due to the presence of the extra junction. In the GaAs cell on Ge the extra 
p-n junction played a less important role because of the poor quality of that 
extra p-n junction, which leaded to a better fill factor of 0.62, hence a higher 
efficiency of 17.2%. The importance is however that the J
sc
 and the V
oc
 of the 
GalnAs cell are higher than that of the GaAs cell on Ge. The enhancement of 
J
sc
 in the lattice-matched cell is consistent with the higher quantum efficiency 
as shown in Fig. 9.5. 
The I-V curves of the Ga(In)As-on-Ge cells shown in Fig. 9.6 can give more 
detailed information about the extra junction in the Ge substrate by making 
a deconvolution of the composite I-V curve from the I-V curve of a GaAs cell 
plus that of extra junction [9, 20]. When the I-V curve of the GaAs-on-GaAs 
cell is taken as the reference for the I-V behavior of the separate GaAs cell 
and the separate InGaAs cell on Ge, the PV behavior of the extra junction in 
Ge can be estimated by shifting the "0" point of the voltage axis to the value 
of the GaAs cell at the corresponding current. It is seen from Fig. 9.6 that the 
J
s c
 of the extra p-n junction of the GalnAs lattice-matched cell (point " 1 " in 
Fig. 9.6) is higher than that of the GaAs cell (point "2" in Fig. 9.6) on Ge. 
This can most probably be attributed to the lower dislocation density at the 
heterointerface between the GalnAs lattice-matched cell and the Ge substrate. 
As has been discussed before in the present and preceding chapter, a higher 
dislocation density will enhance the recombination and therefore lower the 
cell performance. In this case the heterointerface is just the surface of the "Ge 
cell". Misfit dislocations are normally confined at the heterointerface [3, 21], 
thus the high density of dislocations at the interface between the GaAs cell and 
the Ge substrate will decrease the photocurrent of the "Ge cell", consequently 
for a lattice-matched cell which is free of misfit dislocation at the interface, 
this photocurrent will be increased. From this point of view, lattice-matched 
epitaxy of GalnAs on Ge certainly is beneficial for GalnAs/Ge tandem cells. 
The I-V curves shown in Fig. 9.6 were measured under a solar simulator 
made of a single light source, with a GaAs reference cell for the calibration of 
the light intensity. The output properties of the Ga(In)As cell can be quite 
precisely characterized by this method. The spectrum of the single source 
solar simulator is different from that of the real solar radiation, therefore the 
photocurrent of the extra junction in the Ge substrate can not be measured 
exactly at the same time (see Chapter 8). One of our GalnAs lattice-matched 
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cells on Ge showing ал extra Ge junction has been measured at the Fraunhofer 
Institute for Solar Energy Systems in Freiburg, Germany where authorized 
standard measurements can be done. An AMI.5 (lx, global) efficiency of 15.4 
% has been revealed. This cell can be called a tandem cell because the extra 
junction in the Ge substrate also contributes to the output, indicated by a V
m 
of 1.0 volts (this is normally the value of the V
oc
 of a GaAs-on-GaAs cell) and 
a Voc of 1.17 volts. 
9.4 Summary 
In this chapter the growth and performance of GaAs solar cell and lattice-
matched GalnAs solar cell on Ge are presented. It is found that at a pressure 
of 200 mbar the autodoping of Ge in GalnAs epilayers is still a problem which 
must be solved when Ga(In)As solar cells are grown on Ge substrates. Three 
materials have been coated on the back surface of the Ge substrates to suppress 
the autodoping effect: MOVPE GaAs, PECVD SiO
x
 and PECVD SiNy. It 
came out that coating of the back surface with SiO
x
 is the most convenient 
method for this purpose. 
Incorporation of indium in GaAs has lead to lattice-matched epitaxy of 
GalnAs on Ge. The material properties of the Gai_
x
In
x
As epilayer were 
studied by optical interference contrast microscopy, by molten KOH etch, by 
X-ray rocking curve measurement and PL measurement. It is found that 
the lattice-matched GalnAs epilayer is perfect in morphology and is free of 
MDs, with a threading dislocation density on the grown layer surface an order 
of magnitude lower, and a X-ray rocking curve peak six times narrower, as 
compared with the GaAs layer on Ge. The band gap of the lattice-matched 
GalnAs layer on Ge is about 1.4 eV at room temperature, still in the value 
optimal for solar cell application. 
GaAs cells and GalnAs lattice-matched cells with an identical structure 
have been grown on Ge. The photovoltaic behaviors of the cells were char­
acterized by quantum efficiency measurements and I-V measurements. In 
agreement with the decrease of dislocation density in the epilayer, the lattice-
matched GalnAs cell has an improved response for blue light and infrared light 
and hence an enhanced short circuit current as compared with the GaAs cell 
on Ge. The photocurrent from the extra p-η junction of the GalnAs lattice-
matched cell is found to be higher than that of the GaAs cell on Ge, which is 
attributed to the lower dislocation density at the heterointerface between the 
GalnAs lattice-matched cell and the Ge substrate. These result imply that 
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lattice-matched epitaxy of GalnAs on Ge is beneficial for both single junction 
solar cells and tandem solar cells. 
Efficiencies better than 17% has been achieved for GaAs cells grown on 
Ge. The efficiency of the Ga(In)As cells on Ge is found to be limited by the 
poor fill factor, caused by the presence of an extra p-η junction in the Ge 
substrate which is unintentionally made during the growth of the Ga(In)As 
cell. A GalnAs/Ge tandem cell has shown an efficiency of 15.4%. 
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Chapter 10 
On the control of the P V 
properties of the GaAs-Ge 
interface 
This chapter presents the results of an experimental study on the effect of 
(1) the initial growth temperature, (2) the doping level of the substrates, and 
(3) the annealing time of the substrates in АэНз ambiance before the growth, 
on the PV properties of the n-GaAs/n-Ge heterostructure. The interface 
properties were found to be strongly dependent on all these three parameters. 
Analyses of the experimental results have lead to a good understanding of 
the mechanism responsible for the creation of an extra p-η junction in the 
Ge substrate. Based on this understanding, efforts to passivate the GaAs-
Ge interface have been made which resulted in a GaAs-Ge interface with a 
small series resistance and no PV response. This work clearly indicates for 
the first time that the GaAs-Ge interface properties can be controlled not 
only by changing the growth temperature but also by choosing a favorable 
doping level of the substrate and by varying the time of pre-diffusion of As 
into the Ge substrates. This provides clear solutions on both how to passivate 
the interface for growing single junction Ga(In)As solar cells on Ge, and how 
to enhance the interface PV effect for growing high efficiency Ga(In)As/Ge 
tandem solar cells. 
143 
144 On the control of the P V properties of the GaAs-Ge interface 
10.1 Introduction 
As mentioned in the previous chapters, GaAs-on-Ge solar cells have attracted 
considerable attention because of their high efficiency and high radiation re­
sistance, lower cost (with respect to all GaAs cells) and superior mechanical 
properties. In addition, the wide bandgap GaAs (Eg=1.42 eV) on top of the 
lower bandgap Ge (0.8 eV direct bandgap, 0.66 eV indirect bandgap), seems 
also to be a promising system for monolithic tandem solar cells [1]. A lot 
of work has been done in the past ten years towards the application of the 
GaAs-on-Ge system to solar cells made by MOVPE [2-10]. Recently, single 
junction GaAs solar cells on Ge with an efficiency up to 20.1% (AMO, l x ) and 
a size of up to 6 cm2 has been realized [11]. A single junction GaAs cell on 
Ge with an efficiency up to 24.3% (AMI.5, l x ) and an area of 4 cm2 has also 
been reported [12]. A GaAs/Ge tandem cell has shown an efficiency of 23.4% 
(AMO, 9x concentrated) which is higher than the best GaAs cells grown on 
GaAs substrates measured under the mentioned conditions [6]. GaAs solar 
cells on Ge have been demonstrated at production levels and succeeded in 
their high throughput production as well [11, 13]. 
When p/n GaAs solar cells are grown on η-type Ge substrates, an extra 
PV effect is often observed from the I-V curve of the cells, which implies a 
PV behavior of the n-GaAs/n-Ge heterostructure, or less accurately, of the 
GaAs-Ge interface (see Fig. 10.1). Since such an extra photovoltaic effect 
does not always provide extra power output and, in fact, normally reduces 
the total efficiency (see Fig. 10.1 and Chapter 9), in practice a choice must be 
made: either a GaAs cell will be grown on Ge where the interface photovoltaic 
effect is suppressed (called the GaAs cells on passive Ge), or a GaAs/Ge 
tandem cell is made where the current of the top GaAs cell and the Ge cell are 
well matched. In contrast to the great achievements mentioned above for the 
GaAs/Ge solar cell devices, however, detailed information on useful practical 
methods to realize the control of the GaAs-Ge interface properties during the 
MOVPE growth of GaAs solar cells on Ge has never been published. 
The precise mechanism leading to the interface photovoltaic effect has not 
been completely resolved. The two most likely possibilities are variations 
in the surface states at the GaAs-Ge heterojunction, and/or formation of 
a p-η junction in the Ge substrate, from interdiffusion of elements (Ga, As 
into Ge, Ge into GaAs) [9]. In this chapter the results of an experimental 
investigation on the effect of the growth temperature, the doping level of 
the substrates, and the annealing time of the substrates in АБНЗ ambiance 
before the growth, on the photovoltaic properties of the GaAs-Ge interface are 
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Figure 10.1: The extra photovoltaic effect for a GaAs/Ge solar cell, (a) 
the equivalent circuit; (b) typical output characteristic. Solid line: GaAs/Ge 
cell with passivateci interface; Dashed line: 1. GaAs/Ge tandem cell with 
ÌGe>ÌGaAs, 2. GaAs/Ge tandem cell with }Ge<ÏGaAs-
presented. Discussions are given in terms of the influence of these parameters 
on the formation of an extra p-η junction in the Ge side of the interface and 
their influence on a reverse electrical field in the Ge base introduced by the 
gradient of the carrier concentration in the direction to the Ge substrates. 
New approaches to passivate the interface are proposed. 
10.2 Experiments 
The experiments have been performed in two series. In the first series the 
interface properties were studied by varying the initial temperature ÇTinit.) at 
which the substrates were annealed in an АэНз ambiance before the growth 
started and when the first 2000Â GaAs was grown. Furthermore, the annealing 
time of the substrates in an ASH3 ambiance before the growth (t^stf3) and the 
doping level of the substrates (nsub) were varied as well, in order to have 
an overall view of the roles of these parameters in determining the interface 
properties. In the second series efforts to realize the interface passivation have 
been made, based on the results of the first part of the work mentioned above. 
The first series of experiments was carried out in an atmospheric pressure 
MOVPE reactor. Details about the reactor and the cleaning procedure of 
the Ge substrates have been described elsewhere [14, 15]. η-type polished 
Ge substrates with different doping levels, ranging from 1 χ 101 4cm~3 (p «15 
Ωαη) to 9.3 χ 10 1 8 cm - 3 (p « 1.5 mQcm), were used. The mis-orientation 
tí 
0) 
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tí 
2
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Figure 10.2: Schematic explanation of the routine of the growth runs. 
of the substrates is (100) 3° off toward (111), on which GaAs layers with 
single domain and very good crystalline quality can be grown [10,15-17]. The 
experiments were performed in the following sequence. In the first experiments 
^AsH3 was varied from 2 minutes to 30 minutes (Fig. 10.2) while Тг-Пй, was kept 
at 700°C. Thereupon T¿n¿t. was changed from 700 °C to 630°C while tAsH3 was 
kept constant at 10 minutes. The reason that tAsH3 was chosen as a variable for 
the control of the interface properties was based on the consideration that the 
pre-diffusion of As into the Ge substrate before the growth of GaAs would lead 
to a top layer of Ge which was saturated with As. The high concentration of As 
in Ge will strongly influence the forthcoming interdiffusion process during the 
growth of GaAs and hence the electric properties of the interface. In all cases, 
the growth was performed with a mole fraction of TMG in the gas phase of 
1.2x 10 - 4 and a V/III ratio of 50 for the first 2000Â (the initial layer), followed 
by a TMG mole fraction of 3 x l 0 - 4 and a V/III ratio of 15, at a temperature 
of 700°C for the further growth. To highlight the behavior of the interface, 4 
μιη thick n+-GaAs layers doped to above 4xl0 1 8 cm~ 3 , instead of GaAs solar 
cells, were grown on the germanium substrates. In this way the behavior of the 
"GaAs-Ge interface" can be measured directly. After the growth the samples 
were processed in the same way as for the normal GaAs solar cells, taken into 
account that the top contact is in this case for η-type. Their I-V curves were 
then measured under the illumination of a halogen lamp. 
In the second series efforts to realize the interface passivation have been 
made, based on the understanding of the results from the first step of the 
work. The main idea is to grow at a lower temperature (for both initial 
growth and the further growth) to suppress the interdiffusion. The growth 
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Figure 10.3: I-V behavior of a n-GaAs/n-Ge interface in dark (line 1) and 
under illumination (line 2). 
was carried out in a low pressure MOVPE system (see Chapter 2) at a growth 
temperature of 660 °C or 640 °C. The growth was initiated (for the first 2000 
Â) at atmospheric pressure or 500 mbar with gas phase conditions similar 
to the ones used in the AP-MOVPE system, to ensure a good crystalline 
quality of the grown layers. The further growth was carried out at 200 mbar. 
Substrates were annealed in the АэНз ambiance at 640 °C for 2 minutes or at 
730 °C for 20 minutes before the growth of GaAs to vary the prediffusion of 
As into Ge in order to realize the interface passivation. Ge substrates with a 
resistivity of 17 mQcm (n « 2.5 x 101 7 c m - 3 ) were used for this part of the 
work. 
10.3 Results and discussions 
10.3.1 The roles of n
sub., tAsH3 and T i m i 
Fig. 10.3 shows the typical I-V behavior of the n-GaAs/n-Ge interface mea­
sured in dark and under illumination. A clear PV effect can be seen from this 
figure. The relative values of J
s c
 and V
oc
, η normalized to their maximum 
values for both J
s c
 and V
oc
, are listed in table 10.1. 
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Table 10.1: Interface photovoltaic properties of n-GaAs on η-Ge as a function 
of growth conditions. J
s c
 and VM are normalized to their maximum values, 
respectively. Tg = 700 °C. 
Substrate 
Doping Level 
(cm" 3) 
1-1014 
9.5-1017 
4.3-1018 
9.3· 101 8 
Annealing Time in АэНз Ambiance 
T t m t . = 700 °C 
30 min. 
J s c 
.54 
.62 
.69 
.60 
v
o c 
.57 
.57 
.67 
.57 
10 min. 
J s c 
.70 
.74 
.86 
.85 
ν 
» oc 
.76 
.81 
.86 
.76 
2 min. 
J s c 
.70 
.74 
.92 
.96 
V 
» oc 
.86 
.76 
.86 
1 
T i m t . = 630 ° c 
10 min. 
J s c 
.58 
.71 
.99 
1 
v
o c 
.52 
.71 
.83 
.95 
It can be seen from table 10.1 that the interface properties depend on all 
the parameters investigated. In order to show the trend of this dependency 
and the cross influence between different parameters more clearly, the results 
are shown in three dimensional plots by smoothing the data in table 10.1 with 
a multinomial. The short circuit current intensity J
s c
 as a function of tAsH3 
and n
su
b. for an initial growth temperature of 700°C is shown in Fig. 10.4. 
The short circuit current intensity J
s c
 as a function of T
m t t . and nsu{,. for a 
^AsH3 of 10 minutes is shown in Fig. 10.5. 
It can be seen clearly from Fig. 10.4 that the PV property of the interface 
depends very strongly on n
s u
t . when tAsH3 is short: with an increase of nsub. 
the PV behavior of the interface is enhanced significantly until a maximum 
at an n
su
b. about 7 1 8 c m - 3 , then it starts to decrease with a further increase 
of n
su
b. • When tAsH3 is prolonged more and more, the effect of nsub, on the 
PV properties of the interface becomes less and less significant. In addition, 
the PV behavior reaches the maximum at a lower and lower n
su
(,., down to an 
n
su
b. around 2 x l 0 1 8 c m - 3 for a tAsH3 of 30 minutes. Generally speaking, the 
PV behavior of the interface declines quite sharply with the increase of tA
s
H3 
when n
su
b. is high, while this effect is insignificant when п
зи
ь. is low. Fig. 10.5 
is quite similar to Fig. 10.4, except that the axis for variable tAsH3
 m
 Fig. 10.4 
is replaced by Т
гт
ш. At a Tinit. of 630 °C, the PV behavior of the interface 
increases very sharply with the increase of п
зи
ь. until a maximum at an п
зи
ь 
about 8xl0 1 8 cm~ 3 , then it starts to decrease with a further increase of n
su
b . 
When Ttmt. is 700 °C, the effect of n
su
b. on the PV properties of the interface 
becomes less significant, in addition, the PV behavior reaches the maximum 
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Figure 10.4: Normalized short circuit current intensity Jsc as a function of 
tAsHs and nsub.. Ti„jt.=700°C. 
Figure 10.5: Normalized short circuit current intensity Jsc as a function of 
Tina, and nsub.. tAsH3 — iO min. 
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Table 10.2: Diffusion coefficients and solubility of Ga, In and As in Ge at 
700°C and 650 °C [18] . 
Ga 
As 
In 
Diffusion coefficient (cm2s x) 
700 °C 
1.6-10-15 
2.8-10"15 
6-10-16* 
650 °C 
3 . 1 0 - i 6 * 
2-10-16* 
2-10-17* 
Solubility (atoms/cm3) 
700 °C 
5·102ϋ 
6.5-1019 
2.8-1018 
650 °C 
5·102ϋ 
6-1019 
2.4-1018 
*extrapolated data 
at a lower n
su
b., around 4 x l 0 1 8 c m - 3 . For higher n
su
b., the PV behavior of 
the interface declines quite sharply with the increase of T%
n
it.i while this effect 
is insignificant when n
su
b. is low, even increases with the increase of T¿m¡. (see 
Fig. 10.5). 
The open circuit voltage has a quite similar behavior as the short circuit 
current intensity shown in Fig. 10.4 and Fig. 10.5 for the above two cases, 
respectively. 
The extra PV effect in a GaAs solar cell grown on a η-type Ge substrate has 
been reported in literature [4, 5, 7, 8]. Tobin and his coworkers measured ap-n 
junction in the Ge side of the GaAs-Ge interface by spreading resistance probe 
and by electron beam induced current measurements [4, 5]. They attributed 
this p-η junction to the simultaneous diffusion of Ga and As atoms into Ge 
substrate during the growth. Arsenic will act as an η-type dopant while Ga 
is a p-type dopant in Ge, but because the solubility of Ga in Ge is almost ten 
times higher than that of As in the temperature range used for MOVPE (see 
Table 10.2), a thin p-type layer in the top region of the η-type Ge substrate 
will be formed so that a p-η junction is generated in the Ge substrate during 
the growth of GaAs. On the other hand, Partain and his coworkers described 
that the extra photovoltaic effect is a property of the GaAs-Ge heterointerface 
itself [8]. It is mentioned in many papers that the initial growth temperature is 
important for the "interface" properties. Among them only the one from Chen 
and his coworkers [7] gives some direct information. However, the authors did 
not present any interpretation about their results and, because of shortage 
of detailed information about the growth routine and the growth parameters 
used in their experiment, their results are difficult to understand. Even less 
clear is the effect of doping level of the substrate. It was stated as important 
in reference [9] and as not important in reference [6], but none gave strong 
10.3 Results and discussions 151 
evidence for their statement. In short, no detailed information so far is given 
in literature about the effect of the growth parameters on the PV properties 
of the GaAs-Ge interface, neither a clear picture has emerged about how to 
control the interface properties. 
Careful analyses of our results indicate that the behavior of the samples 
can be explained in term of the diffusion mechanism proposed by Tobin et al., 
together with the effect of a reverse electrical barrier, AETeveTse, introduced 
by the gradient in concentration of carriers in the direction of the normal of 
the Ge substrate (see Fig. 10.6). The clear and strong effect of the doping level 
of the substrate, the growth temperature and the pre-annealing of substrate 
in the АвНз ambiance, enables us to get insight in the precise role of each 
parameter in determining the GaAs-Ge interface properties. The situation for 
the formation of a p-η junction in Ge substrate and the corresponding band 
structure in the Ge substrate close to the interface is shown schematically in 
Fig. 10.6, based on the general knowledge of the diffusion process [18] and the 
measured profiles given by Wojtczuk et al. [6]. 
It must be remembered that Ga atoms can diffuse into Ge only during 
the growth of GaAs, while As atoms have already started to diffuse into Ge 
during the annealing of the substrate in the АэНз ambiance before the growth 
of GaAs. Referring to Fig. 10.6, when n
su
{,. is relatively low the formation of 
a p-η junction is independent of n
su
b., because the solubility of As and G a in 
Ge is much higher than n
su
b. (see Table 10.2). In this case the role of n
su
b. is 
to lower the AE
reverse
 with an increase of nsu¡,.. When nsub. is high (close to 
1019cm -2) the η-type Ge becomes a degenerate semiconductor material [19] 
such that the hole diffusion length decreases sharply and the junction tends 
to become a tunnel junction. This explains why the PV properties of the 
interface get enhanced by an increase of n
su
b. at first and then decreased with 
a further increase of n
su
b. (see Fig. 10.4). When t^
s
tf3 is longer, a lot of As 
has already diffused into the Ge before the growth of GaAs, such that the TIAS 
(see Fig. 10.6a) is raised to a level about 1 χ 10 1 9 cm - 3 in a layer of few microns 
(experimentally measured by C/V profile) from the substrate surface. That 
means a long period prediffusion may convert the top layer of the Ge substrate 
into degenerate material, consequently the PV properties of the junction in 
Ge will decrease with an increase of t^
s
H 3- Also because the concentration of 
As in Ge by pre-diffusion is very high and predominates in the region where 
the junction will be formed later, the role of n
su
b. is masked in the way that 
it becomes less important in determining the interface properties when ÍASH3 
is long. The net carrier concentration in the Ge substrate is determined by 
the original doping level of the substrate plus the As prediffused into Ge. 
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Figure 10.6: Schematic diagram about the formation of the p-η junction in 
Ge by in-diffusion. (a) The concentration profiles of Ga (No
a
) and As (NAS) 
due to in-diffusion and the original doping level of the substrate (nsu¡,.); (b) 
The final net dopant concentration profile; (c) The band structure, p: net 
acceptor concentration; n: net donor concentration; AEreverse: the energy 
barrier which reduces the photocarriers being collected by the junction. 
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This means that the substrate will become degenerate at a lower п$иъ. when a 
larger amount of As is diffused into the substrate. Therefore the PV behavior 
reaches a maximum at a lower nsu¡,. when %ASH3 get larger (Fig. 10.4). Due to 
the compensation effect that at low (high) nsub. the interface PV properties 
increase (decrease) with the increase of nsu(,., while increasing ÍASH3 in general 
acts to increase the nsu(,., the interface properties more or less are insensitive 
to the variation of tASH3 (slightly decreases or even increases) at low nsub., but 
decreases very sharply with the increase of ÌASH3 at very high nsub.. 
Fig. 10.5 is quite similar to Fig. 10.4, except that the variable ΪΑ3Η3 in 
Fig. 10.4 is replaced by T i m t . . Taking into account that diffusion can be 
enhanced in general by performing the process either at a higher temperature 
or in a longer time, it is easy to understand Fig. 10.5. The similarity between 
Fig. 10.5 and Fig. 10.4 in turn supports the mechanism about the dependence 
of interface PV properties on the growth and substrate parameters presented 
above. 
10.3.2 Pass ivat ion of the interface 
As already could be seen in Table 10.2 the solubility of Ga in Ge is about 
ten times higher than that of As in the temperature range used for MOVPE. 
Therefore a thin p-type Ge layer in the top region of the Ge substrate will 
always be expected when GaAs is grown on Ge. That is, the formation of an 
extra p-η junction in the η-type Ge substrates seems to be unavoidable when 
a GaAs solar cell is grown on such a η-type substrate. From this point of view, 
three ways are left to passivate the GaAs-Ge interface: (1) to make this p-type 
layer so thin that carriers can tunnel through this layer easily; (2) to convert 
the extra p-η junction into a tunnel junction by extremely high doping; (3) to 
make a cell on a p + substrate. 
A thin in-diffused p-layer is expected when the growth temperature is 
low and when the growth period is short. Unfortunately the temperature 
can not be too low otherwise the quality of the grown material can not be 
guaranteed, especially when Al.e5Ga.15As is used as window layer for the cells. 
In practice a temperature >640°C is necessary. Neither the growth period can 
be shortened at will since it is determined by the cell thickness (about 5 μπι) 
and the growth rate. The growth rate can not be very high in order to ensure a 
good bulk crystalline quality and to ascertain a good interface quality between 
the different layers of the cell structure. Taking all these considerations into 
account, a total growth time of at least 40 minutes to 1 hour is needed. To test 
the effect of lowering the growth temperature, a GaAs layer has been grown 
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on Ge at a temperature of 640 °C, with the substrate being annealed in the 
АвНз ambiance for only 2 minutes before the growth. The structure grown in 
this way still showed a clear PV behavior. This result indicates that growing 
at a lower temperature alone is not enough to passivate the GaAs-Ge interface 
completely. 
The effectiveness to passivate the interface by the approach of tunnel junc­
tion has already been indicated by the sharp slope in Fig. 10.4 when n
su
b. is 
close to l x l 0 1 9 c m - 3 . Following the discussion presented there a real tunnel 
junction should be made if the substrate could be doped to a level much higher 
than l x l 0 1 9 c m - 3 . Based on this consideration the substrate was annealed at 
730 °C for 20 minutes in the АвНз ambiance then the growth of n+-GaAs was 
carried out at a temperature of 660 °C. The step to anneal the substrate for a 
long time in the AsHz ambiance at a high temperature is to introduce a heav­
ily doped η-type region in the Ge substrate so as to enhance the formation 
of p-η junction with tunnelling effect. I-V behavior of the GaAs-Ge interface 
grown in this way showed that this idea works. An ohmic behavior has been 
observed up to a current intensity of ±30 mA/cm2 with no PV response at 
all. An apparent series resistance of about 0.3 Ω of this structure, including 
the contact resistance, has been measured. This proves that passivation of the 
interface indeed is possible. 
When the carrier concentration of a p-type Ge is higher than the solubility 
of arsenic in Ge, the p-type characteristic of the substrate will remain during 
the growth of the GaAs solar cell on that, therefore no extra p-η junction 
can be formed. Experimental results on this method are still absent at this 
moment. 
10.4 Alternative approaches to passivate the inter­
face of GaAs-Ge 
Although the approach of tunnel junction works for the passivation of the 
GaAs-Ge interface, and the method of using very heavily p-type doped Ge 
substrate also seems to be very promising, still some shortcomings of these 
methods can be counted. A common disadvantage is that the GaAs-Ge in­
terface obtained in these ways always involves one or two tunnel junctions in 
series with the top cell (see Fig. 10.7a for the case of double tunnel junctions) 
which increases the series resistance of the cells and therefore is considered to 
be a reason for the poorer fill factor of the GaAs-on-Ge solar cells [6]. When 
the growth is carried out at a higher temperature to take some advantages 
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Figure 10.7: Schematic diagram of the band structure of a passivated GaAs-
Ge interface (a) and of the GaAs/InAs/Ge heterosystem (b). 
of improved material quality (e.g. for AlGaAs), passivation of the GaAs-Ge 
interface by the tunnel junction approach will become difficult. For these rea­
sons alternative methods to passivate the GaAs-Ge interface PV properties 
might be favorable. Two possible approaches are proposed here. 
The first approach is to insert an alternative material inbetween GaAs and 
Ge, for example InAs. As can be seen in table 10.2, the diffusion coefficient 
of In in Ge is about ten times smaller than that of Ga while the solubility of 
In in Ge is more than one hundred times lower than that of Ga and ten times 
lower than that of As. Therefore a p-type layer will never be formed in the 
Ge substrate if InAs is grown on Ge. In this case the band structure of the 
GaAs/InAs/Ge heterostructure is given schematically in Fig. 10.7b. It can be 
seen that there is no apparent obstacle at all for electrons to pass through this 
structure. InAs has quite a different lattice parameter as compared to Ge and 
GaAs. It is therefore important to control the thickness of the InAs layer in 
such a way that it is thick enough to block the interdiffusion but at the same 
time should not exceed the critical thickness for the formation of dislocations 
due to the lattice mismatch [20]. 
The second method is to short-circuit the interface with a different pro­
cessing technique. As is shown in Fig. 10.8, the back metal contact can be 
processed directly on the n+-GaAs buffer layer of the cell by making holes 
through the substrates after the growth of the cell structure. The thickness 
of the n+-GaAs buffer layer is normally a few times as thick as the emitter 
of the cell (saying 2 χ ) while the resistivity of the former is ten times lower 
than the latter [21]. From the separation distance of the front contact fingers 
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Figure 10.8: Schematic diagram shows the approach to passivate the GaAs-
Ge interface by short-circuiting the extra p-η junction. 
of a normal GaAs cell (>1 mm) it can be estimated that one contact line 
in every 20 mm should be enough for the current collection on the back side 
of the cells, which can easily be made by point contact instead of the more 
difficult line contact in this case. One difficulty of this technique is the lack of 
a good selective etchant which can etch Ge quickly but which will hardly etch 
Ga(Al)As. It should be possible to overcome this difficulty by sequence etch 
with various solutions. 
10.5 Conclusions 
In this chapter the effect of the initial growth temperature, the doping level 
of the substrates and the annealing time of the substrates in АэНз ambiance 
before the growth, on the photovoltaic properties of the GaAs-Ge interface 
of a GaAs/Ge solar cell, has been studied. The interface properties were 
found to be strongly dependent of all these three parameters. The results 
are explained in terms of the formation of an extra p-η junction in the Ge 
side of the interface and the influence of the substrate doping level on the 
reverse electrical field. Based on these results, further efforts to passivate the 
GaAs-Ge interface have been made which resulted in an ohmic behavior of 
the interface with a small series resistance. This work indicates clearly for the 
first time that the GaAs-Ge interface properties can be controlled not only 
front metal contact 
epl-layers -
substrate -
ρ • -cap layer —_ 
, l AR coating 
ι 
ШШ 
^ A D 
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by changing the growth temperature but also by choosing a favorable doping 
level of the substrate and by varying the time of pre-diffusion of As into the 
Ge substrates. This has given a clear insight in how to passivate the interface 
for growing single junction Ga(In)As solar cell on Ge, and how to enhance 
the interface PV effect for growing high efficiency Ga(In)As/Ge tandem solar 
cells: In order to enhance the photovoltaic effect of the GaAs-Ge interface one 
should choose substrates with a relatively high doping level ( p ~ l - 3 mQcm); 
anneal the substrates with AsHß only for a short time before the growth and 
grow at a lower initial growth temperature. On the other hand, in order to 
passivate the photovoltaic effect of the GaAs-Ge interface one should anneal 
the substrates with ASH3 at a high temperature for a long time then grow 
the GaAs layer at lower temperature. Alternative methods to passivate the 
GaAs-Ge interface by means of short-circuiting the interface, or by inserting 
an InAs layer inbetween, are proposed. 
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Summary 
This thesis describes experimental studies on the material properties of 
III-V compounds grown by Metal-Organic Vapor Phase Epitaxy (MOVPE) 
on Ge and the application of this heterosystem to solar cells. After a general 
introduction, the main research of this thesis is presented in the same sequence 
as the progress of the work: MOVPE technique —• material properties —¥ 
devices. 
The first part (Chapters 2 and 3) deals with the MOVPE systems and 
growth and doping phenomena. In Chapter 2 an experimental study on the 
influence of the temperature of the reactor top wall on growth and doping 
processes (growth rate, material composition, concentration of p- and n-type 
dopants and the uniformity of these parameters) of (Al)GaAs is presented. 
This study proved the existence of the thermal diffusion effect on the growth 
rate as predicted by theory. It also revealed new behaviors of the material com-
position and doping processes resulting from the deposition of growth species 
and dopant atoms on the reactor top wall as a consequence of the thermal 
diffusion effect. This study provides an effective and simple method to signifi-
cantly improve the performance of the horizontal MOVPE reactors. Chapter 3 
presents a study on the influence of substrate orientation and mis-orientation 
on the Si-doping of GaAs. This study leads to a better understanding of the 
incorporation process at atomic steps in general and also indicates, from a 
technology point of view, the optimum misorientation of the substrate that 
may results in less compensation of GaAs epilayer doped with silicon. 
The second part (Chapters 4 to 7) of this thesis deals with some specific 
material properties of GaAs grown on Ge substrates. The main attention is 
focused on the polar-on-nonpolar properties what may lead to the formation 
of antiphase domains (APDs) (Chapters 4 to 6). In Chapter 4 the sublattice 
location of GaAs grown on Ge is studied as a function of growth parameters. 
Novel results are obtained which point out the shortcomings of the existent 
theories in literature on the formation of APDs. A new model is proposed 
based on a more general understanding of the heteronucleation process. For 
layers where domains of different sublattice orientations are present, antiphase 
boundaries (APBs) are formed between the different domains. In Chapter 5 
the mechanism of self-annihilation of APBs is investigated. A {110} annihi-
lation mechanism is found, which rules out the postulated {111} APB model 
in literature. This work also proves relatively macroscopically that the {110} 
planes are the most preferable planes for APBs. Some misunderstanding in 
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literature about the structural properties of APBs based on the {111} mo­
del can be corrected based on the present {110} APB mechanism as well. In 
Chapter 6 the effect of the growth parameters on the formation of antiphase 
domains is studied. Based on the new understanding of the experimental 
results a clear picture emerges on how GaAs can be grown on Ge which is 
completely free of antiphase domains. Chapter 7 deals with the release of 
lattice mismatch strain by formation of misfit dislocations (MDs). Strong 
evidence of the presence of two different processes for the formation of MDs, 
corresponding to the turnover of threading dislocations and nucleation of new 
dislocations, is found. The presence of antiphase domains enhances the release 
of strain by facilitating the formation of misfit dislocations, which does not 
lead to excess threading dislocations on the grown layer surface, however. 
The third part (Chapters 8 to 10) of this thesis deals with solar cell devices. 
Improvement of the energy conversion efficiency of GaAs cells is presented in 
Chapter 8. The limiting factors of the efficiency of our former GaAs cells are 
discussed and experimentally investigated. A fast improvement of the solar 
cell efficiency has been realized by varying only a few of the most important 
parameters which have been selected according to the above analysis. This 
resulted in an AMI.5 (1 sun) efficiency of 22.2% for a GaAs on GaAs cell, 
which is limited by the poor fill factor due to the thin front metal contact. 
The growth of Ga(In)As solar cells on Ge is dealt with in Chapter 9. At first 
the autodoping problem is studied and a solution is given to avoid this effect. 
Suppression of the formation of misfit dislocations in the GaAs cells on Ge 
is realized by the incorporation of small amounts of indium in GaAs, leading 
to the lattice-matched epitaxy of GalnAs on Ge. The output properties of 
GaAs cells and lattice-matched GalnAs cells are compared and correlated to 
their material properties, which reveals the advantages of the lattice-matched 
GalnAs cell on Ge. The lattice-matched epitaxy of GalnAs provides a new 
possibility to boost up the efficiency record of GaAs-on-Ge solar cells. GaAs 
cells on Ge with efficiencies up to 17.2 % have been realized, which is found to 
be limited by an extra p-η junction at the Ga(In)As-Ge interface. A tandem 
cell has measured an efficiency of 15.4%. In Chapter 10 the control of the 
GaAs-Ge interface properties is studied. It is found that the doping level of 
the substrate, the growth temperature and the diffusion of As into Ge before 
the growth of GaAs, all have a strong effect on the interface photovoltaic (PV) 
properties. This work clarifies several misty points on this topic in literature, 
and leads to a distinct picture about how to control the extra PV effect at 
the GaAs/Ge interface. Alternative approaches to passivate the interface PV 
properties are also discussed. 
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Samenvatting 
Dit proefschrift beschrijft experimenteel onderzoek naar de materiaal eigen­
schappen van III/V halfgeleiders gegroeid met de Metaal Organische Chemische 
Gasfase Depositie techniek (Eng: Metal Organic Vapor Phase Epitaxy, MOVPE) 
op Ge en de toepassing van dit heterosysteem in zonnecellen. Na een algemene 
inleiding wordt het onderzoek gepresenteerd in de volgorde waarin het proces 
plaatsvindt: MOVPE proces —• materiaal eigenschappen —• device. 
Het eerste deel (hoofdstuk 2 en 3) behandelt groei en dotering van de materi­
alen en het MOVPE systeem. In hoofdstuk 2 wordt een experimenteel onderzoek 
naar de invloed van de temperatuur van de bovenzijde van de reactor op het 
groei- en doteringsproces (groeisnelheid, materiaalsamenstelling, concentratie op 
p- en η-type doteringen en de uniformiteit van deze parameters) van (Al)GaAs 
gepresenteerd. Hieruit blijkt, in overeenstemming met de theorie, de invloed van 
het thermische diffusie effect op de groeisnelheid. Tevens werden nieuwe resul­
taten voor materiaalsamenstelling en doteringsprocessen, ontstaan door depositie 
van groeideeltjes en doteringsatomen op de bovenzijde van de reactor als gevolg 
van het thermische diffusie effect, aangetoond. Dit onderzoek levert een effec­
tieve en eenvoudige methode om de prestaties van horizontale MOVPE reactoren 
aanmerkelijk te verbeteren. In hoofdstuk 3 wordt een onderzoek naar de invloed 
substraatoriëntatie en -misoriëntatie op de Si-dotering van GaAs beschreven. Dit 
onderzoek leidt tot een beter begrip van het inbouwproces op atomaire stappen 
in het algemeen en geeft ook aan wat de optimale misoriëntatie van het substraat 
is voor een lage compensatie van silicium gedoteerde GaAs epilagen. 
In het tweede deel (hoofdstuk 4-7) van dit proefschrift worden enige speci-
fieke materiaaleigenschappen van GaAs gegroeid op Ge substraten behandeld. De 
aandacht concentreert zich vooral op de polair-op-niet polaire eigenschappen die 
kunnen leiden tot antiphase domeinen (Eng: Anti Phase Domains,APD's) (hoofd-
stuk 4-6). In hoofdstuk 4 wordt de subroosterlocatie van op Ge gegroeid GaAs, 
bestudeerd als functie van de groeiparameters. De resultaten van dit onderzoek 
tonen de tekortkomingen aan van de bestaande theorieën uit de literatuur over het 
ontstaan van APD's. Er wordt een nieuw model voorgesteld, gebaseerd op een 
meer algemeen begrip van het heteronucleatieproces. Bij lagen met domeinen 
van verschillende subroosteroriëntatie zijn de APD's aanwezig tussen de ver-
schillende domeinen. In hoofdstuk 5 wordt het zelfvernietigingsmechanisme van 
APD's onderzocht. Een {110} zelfvernietigingsmechanisme is gevonden dat het 
voorgestelde {111} APD model uit de literatuur uitsluit. Dit werk bewijst tevens 
dat {110} vlakken de voorkeur genieten bij de vorming van APD's. Het onbegrip 
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in de literatuur over de structurele eigenschappen van APD's gebaseerd op het 
{111} model kan verholpen worden met behulp van het {110} APD mechanisme. 
In hoofdstuk 6 is de invloed van de groeiparameters op de vorming van antiphase 
domeinen bestudeerd. Gebaseerd op de interpretatie van de nieuwe experimentele 
resultaten is het mogelijk te bepalen onder welke condities GaAs op Ge zonder 
antiphase domeinen gegroeid kan worden. Hoofdstuk 7 behandelt de relaxatie van 
roosterspanningen door de vorming van mispassingsdislocaties (Eng: misfit dis-
locations, MD's). Er zijn aanwijzingen gevonden voor de aanwezigheid van twee 
processen voor de vorming van MD's. De aanwezigheid van antiphase domeinen 
versterkt de relaxatie van spanning door de vorming van MD's. Dit leidt echter 
niet tot meer threading dislocaties op het oppervlak van de gegroeide laag. 
Het derde deel (hoofdstuk 8-10) van dit proefschrift gaat over zonnecellen. 
In hoofdstuk 8 wordt de verbetering van de energie omzetting van GaAs cellen 
behandeld. De beperkende factoren voor de efficiëntie van onze oude GaAs cellen 
worden besproken en experimenteel onderzocht. Een snelle verbetering van de 
zonnecelefficiëntie is gerealiseerd door slechts een aantal van de belangrijkste pa-
rameters te variëren. Dit resulteerde in een AM 1.5 (1 zon) efficiëntie van 22.2% 
voor een GaAs op GaAs cel. In hoofdstuk 9 wordt de groei van Ga(In)As zon-
necellen op Ge besproken. Allereerst is het autodoteringsprobleem bestudeerd, 
waarna is aangegeven hoe dit effect vermeden kan worden. Onderdrukking van 
de vorming van mispassingsdislocaties in de GaAs cellen op Ge werd verkregen 
door kleine hoeveelheden indium in te bouwen in GaAs. Dit leidt tot rooster-
passende epitaxie van GalnAs op Ge. De celeigenschappen van de GaAs cellen 
en de roosterpassende GalnAs cellen zijn vergeleken en gecorreleerd aan de ma-
teriaaleigenschappen. De GalnAs cel blijkt een aantal voordelen te hebben. De 
roosterpassende epitaxie van GalnAs levert een nieuwe mogelijkheid om het ef-
ficiëntierecord van GaAs op Ge zonnecellen te verhogen. GaAs cellen op Ge met 
efficiënties tot 17.2% zijn gerealiseerd, waarbij deze waarde wordt beperkt door 
een extra p-η overgang op de Ga(In)As - Ge overgang. In hoofdstuk 10 zijn de 
eigenschappen van de GaAs-Ge overgang bestudeerd. Doteringsniveau van het 
substraat, de groeitemperatuur, en de diffusie van As in Ge voor de groei van 
GaAs hebben een sterke invloed op de photovoltaische (PV) eigenschappen van 
deze overgang. In dit werk worden een aantal onduidelijkheden over dit onder­
werp in de literatuur opgehelderd. Dit leidt tot een goed beeld van het extra 
PV effect dat ontstaat door de GaAs/Ge overgang. Andere benaderingen om de 
overgang te passiveren worden eveneens besproken. 
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